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Efficient Synthesis of Strong Binding Cryptands and their Derivatives for Supramolecular 
Polymer Synthesis 

 
 

Abstract 
 
 Production of efficiently synthesizable, strongly associating crown ether-based cryptands 

is desired for pseudorotaxane complexation of bipyridinium guests to produce suprapolymers 

and supramolecularly-linked block copolymers. 

 Cryptands based on bis(meta-phenylene)-32-crown-10 (BMP32C10) were synthesized. 

The functionality of phenylenemethanol-BMP32C10 cryptand III-3 (Ka = 2.0 x 104 M-1) did not 

negatively affect binding strength, although the strength of complexation is marginal to achieve 

the desired suprapolymers. The cryptand dimethylpyridyl-BMP32C10 IV-2 was synthesized in 

an attempt to improve over the binding ability of the pyridyl-BMP32C10 cryptand IV-1; instead, 

interesting host design insights were discovered as binding strengths were reduced over 1000-

fold. The crystal structure of IV-2 shows acyl-aryl conjugation which limits the host’s ability to 

accept guests. 

Synthesis of larger cis-di(carbomethoxybenzo)-3n-crown-n crown ethers was explored 

using the high concentration, template technique previously reported for cDB24C8 diester. 

cDB30C10 diester (V-1c) was produced in 93% yield; the desired pyridyl-cDB30C10 cryptand 

V-12 binds paraquat strongly (Ka = 1-2x105 M-1) and diquat stronger than any other host (Ka = 

1.9x106 M-1), both in 1:1 fashions; association constants were measured by ITC. X-ray 

crystallography of the complexes shows the cryptand’s para arm is too far away to interact with 

paraquat and the host has numerous bifurcated interactions with diquat, explaining the difference 

in binding strengths.  



Syntheses of the regioisomers of cDB27C9 diester was also explored; the cyclization 

yields (cDB27C9S, VI-2: 59% and cDB27C9L, VI-3: 44%) are lower, likely due to poor attack 

angles due to mismatched arm length in cyclization, than the equivalent length ethyleneoxy-

armed cDB24C8 and cDB30C10. Modeling of the cryptand isomers, pyridyl-cDB27C9S and 

pyridyl-cDB27C9L, showed that the former should improve para arm interaction with paraquat, 

but should be sterically hindered for diquat and the latter should have a highly flexible, poorly 

preorganized interaction with either type of guest. ITC, MS, and crystallography data supported 

the predictions. 

 Derivatization of the pyridyl-cDB30C10 cryptand V-12 was explored using chelidamic 

acid (VII-1). Schemes yielding alcohol, alkyl halide, alkyne, and TEMPO functionality were 

followed, but failed. Currently, functionalized cryptand derivatives have not been achieved, 

future directions are proposed.  
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Chapter I  

Synthesis and Supramolecular Interactions of Cryptands: Historical Perspectives 

 

 

 

This chapter describes the historical background of supramolecular chemistry of 

pseudorotaxanes based on both crown ether and crown-ether containing cryptands with 

bipyridinium ions, the synthesis of crown ethers and cryptands, and application of crown ether-

based supramolecular self-assembly to produce polymeric species. 

 

 

I-1 Supramolecular Chemistry 

 Supramolecular chemistry1-3 is the study of intermolecular non-covalent interactions. The 

field can be traced back to Fischer. In 1894, Fischer reported that sugar-metabolizing enzymes 

had the distinct ability to recognize various sugars of specific shape.4 This discovery led to the 

template or lock and key hypothesis: binding efficiency and selectivity are maximized by a host 

whose cavity is pre-formed in a shape to accommodate a specific guest ligand with binding sites 

that are well matched to the guest.5 In the 1960’s, the field was concerned with molecular 

topology (forming threaded structures such as pseudorotaxanes, rotaxanes, catenanes, and 
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Chapter I             A. M.-P. Pederson, Ph.D. Dissertation 

molecular knots; representative cartoon structures are shown in Figure I-1). Work was done in 

the field of molecular topology by Frisch and Wasserman6 (knots and mechanical linkages) prior 

to knowledge that nature had perfected the use of catenanes and knots in DNA strand 

organization and availability.7 

 

 

Figure I-1. Representative cartoons of molecular topological structures. a) A pseudorotaxane is a 

macrocyclic host (shown in red) encircling a linear guest molecule (shown in blue) that is able to 

slip apart; it is held together by supramolecular interactions, b) A rotaxane is a threaded structure 

that is unable to slip apart due to large blocking groups at the ends of the linear species, c) A 

catenane is a set of mechanically interlocked macrocycles, d) A knot is a topological isomer of a 

macrocycle in which the molecule is literally knotted on itself, and e) a exo complex (or taco 

complex) is a non-threaded cyclic host-guest interaction. 

 

 Harrison and Harrison synthesized the first rotaxane via statistical threading of alkanes 

and trapping the rings with bulky end groups,8 later using slippage over the bulky groups.9  Schill 

and Zöllenkopf used the novel approach of chemical conversion.10 None of these three methods 

of rotaxane synthesis stand alone today; they are now used in conjunction with enthalpically 
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driven interactions.11 Statistical threading is inefficient because the enthalpy of reaction is close 

to zero and the entropy of reaction is negative. Chemical conversion is tedious, requires multiple 

steps, and suffers from poor overall yields.12 Harrison’s results defined the smallest ring size (23 

methylene units) that a straight chain alkane can thread and demonstrated that a ring no less than 

29 methylene units in circumference can slip over a triphenylmethoxy end group. 

Enthalpic driving forces for threading became the focus of the field to produce the 

initially desired topologies. Complementary size and shape of the host and guest molecules are 

paramount to producing self-assembled, mechanically linked architectures. In Nature, these 

interactions hold DNA base pairs together and cause chains to coil, protein folding and binding, 

and make ice less dense than water. Artificial supramolecular systems are biomimetic: host-guest 

self-assembly systems are akin to substrate binding by proteins.  

Supramolecular interactions are equilibrium processes controlled by thermodynamics (eq. 

I-1):13 

°Δ−°Δ=°Δ STHG  eq. I-1

where ΔG°, ΔH°, and ΔS° are the change in Gibb’s free energy, enthalpy, and entropy of 

reaction in the standard state. The interactions used to drive self-assembly are enthalpic driving 

forces (in the general order of weakest to strongest the interactions are: van der Waals forces, 

dipole-dipole, charge donor-acceptor, π-π stacking, hydrophobic-hydrophilic, hydrogen bonding, 

ionic, and metal coordination and they are normally present in combination). Hydrogen bonds 

are a subset of dipole-dipole interactions between electron rich H-bond acceptors (O, N, F) and 

electron deficient hydrogen atoms and are prevalent in host-guest chemistry. The strength of an 

3 
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H-bond is dependent on electronic effects and the ability of the H-bond acceptor to adapt in the 

correct spatial orientation (ΔH 4-120 kJ/mol).3  Entropic costs (e.g., a host must be in a specific 

shape to stabilize a guest or reduced degrees of freedom by forming a knotted structure) reduce 

ΔG° and therefore the equilibrium constant, K, of A + B ↔ C, which is related to the Gibbs free 

energy by eq. I-2: 

KRTG ln−=°Δ  eq. I-2

eqs. I-1 and I-2 can be combined to give the van’t Hoff equation (eq. I-3): 

R
S

RT
HK °Δ

+
°Δ

−=ln  
eq. I-3

The van’t Hoff equation is important to this discussion because it shows K is dependent on the 

strength of total interactions (ΔH°) and entropic costs (ΔS°). In supramolecular chemistry, K is 

the association constant (Ka) and is discussed further in section I.2.  

A perfect system (only host and guest) is normally not possible; a solvent is required to 

bring the host and guest together. At some temperature, the guest can be either interacting with 

solvent or bound by the host. An ideal solvent would dissolve infinite amounts of host and guest, 

but not stabilize the guest’s electronic positive nature (defined below) or interact with the host’s 

cavity, therefore maximizing binding potential. However, solvents can affect complexation by 

orders of magnitude14 by stabilizing starting materials, thereby canceling enthalpic driving forces 

for threading.  

The area of man-made supramolecular host-guest systems was invigorated by Charles J. 

Pedersen’s Nobel-prize winning discovery that crown ethers bind metal ions.15 In 1974, Cram 
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coined the name host-guest chemistry to describe large macrocyclic hosts that envelop smaller 

guests through well placed complementary interactions.5 Extensive review articles on crown 

ether binding of metal ions, ammonium ions, and guanidinium ion have been presented 

elsewhere16 and are beyond the scope of this review. Although the chemical lessons do have 

direct application, there are numerous other macrocyclic species that would cloud this 

discussion; hence only references for further reading on amine-based cryptands,17 

cyclodextrins,18 cucurbiturils,19 calixarenes,20 and porphyrins21 will be provided. This literature 

review concentrates on the self-assembly of crown ether containing hosts with charged guests to 

form pseudorotaxanes. The pseudorotaxane motif is important because it can be a gateway to 

mechanically linked rotaxane and catenane structures. 

Pedersen introduced a trivial crown ether nomenclature that is easier to use than the 

proper IUPAC naming system. For example dibenzo-24-crown-8 (DB24C8) indicates a 

macrocycle with 24 members, 8 are oxygen atoms, and has two benzo groups. The Pedersen 

naming system is normally used in publications and will be used in the remainder of this work. 

Figure I-2 summarizes the crown ethers and cryptands discussed in chapter I. Typically 

cryptands are named based on the crown ethers from which they are derived.  

5 
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I-2 Quantification of Binding Strength 

Accurate quantification of binding stoichiometry and strength is imperative. Historically 

nuclear magnetic resonance spectroscopy (NMR) has been the tool of choice to quantify binding 

stoichiometry and strength. Two field strength dependent regimes exist when using NMR to 

determine complexation: slow exchange and fast exchange (explained below, see Figure I-3). 

Often NMR has been used to determine association constants (Ka) up to 5 x 104 M-1; Hirose 

limits the applicable window of NMR to Ka < 2 x 103 M-1.22 Smith reported a competitive 

complexation method23 and the Gibson group has intermediately been able to get semi-accurate 

results for binding in the 106 M-1 range.24 NMR is an error-prone method because it has been 

determined that some guests can react with solvent,25 and the topology of the complex is never 

actually known (exo complex versus pseudorotaxane).26 

 

7 

 

Figure I-3. A cartoon depiction of 1H NMR data for a) slow- and b) fast-exchange systems (Δ→ 

δuncomplexed δcomplexed a. 
Δo

δobserved b.

Δ˳ as complexation approaches 100%).  
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Strength of complexation is estimated by the equilibrium treatment shown in Scheme I-1. 

In the host-guest literature, association constant values are unnormalized and therefore are not 

unitless, because the values have a strong dependence on concentration and would require an 

accurate estimation of activity coefficients to produce a normalizable result. The simple 

equilibrium model, Scheme I-1, assumes the host is able to bind the guest without ion pair 

dissociation. This assumption can lead to erroneous results for the hosts that can only hold 

completely dissociated guests, but the guest salts are in fact partially ion paired.27, 28 In general 

this issue is more pertinent for small hosts, but it would be foolish to believe that the assumption 

is absolutely correct for any host-guest combination.  

HostUC + Guest+2(X-)2UC Host*Guest+2(X-)2

Ka

Ka =
[ Host*Guest+2(X-)2]

[Host]UC [Guest+2(X-)2]UC  

Scheme I-1. The equilibrium model and estimation of the association constant. The subscript 

‘uc’ describes free host or guest species. The nature of the counter anions is described in more 

detail in section I-3. 

 

In the slow exchange regime, signals for both complexed and uncomplexed species are 

seen and can be separately integrated. The stoichiometry for slow exchange systems can be 

determined by ratioing the amount of uncomplexed species x to complexed species x, where x is 

host or guest. Historically, slow exchange systems were desirable because from a single 

experiment the association constant was also determined. The single point determinations are 
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incorrect in many cases because of ion pairing issues (discussed further in section I-3) and, 

therefore, very low concentrations of highly dissociative salts are required which are nearly 

impossible to measure well by NMR. 

In the fast exchange regime, a time-averaged signal for nuclei of complexed and 

uncomplexed species is obtained, taking away the opportunity for single data point 

determinations of the stoichiometry and association constant. In fast exchange systems 

stoichiometry can be determined by the method of continuous variation (Job plot method)29 or 

mole ratio methods.30 The Job plot method varies moles of host and guest while keeping the total 

concentration of host plus guest constant and measures a property that varies with the changes in 

concentration of the complex (e.g., the chemical shift, δ, of a nucleus (Nx) of either the host or 

guest: x) represented by Δδ(Nx). A plot of Δδ(Nx)*[x] vs. the mole fraction, χ, of the species 

containing Nx is maximized when χ is equal to the molar ratio of complexation (Δδ(Nx)*[x] 

approximates the complex concentration).31 

In fast exchange systems, continuous titration methods must be employed to determine 

Ka. A continuum of [G] is added to a constant [H] and the chemical shifts are recorded. The 

variation of chemical shift, Δ, is δuc – δ, where δuc and δ are the chemical shifts of the completely 

uncomplexed and time-averaged signals of the nucleus being explored, respectively. At complete 

complexation, Δ →Δo; Δo = δuc – δc, where δc is the chemical shift of the completely complexed 

nucleus. As the concentrations of charged molecules are being determined, it would be most 

accurate to use activity coefficients; however, as activity coefficients are impossible to predict 

for charged species in low dielectric solvents, molar concentrations are normally used for 

stoichiometry and association constant determination. Ka and Δo are unknown. Δo is determined 
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by complexation studies over a range of concentrations in which nearly complete complexation 

should occur (>100:1 H:G for 1:1 stoichiometries) and δ(Nx) is plotted versus 1/[H]. This yields 

a relatively error free determination of Δo as the y-intercept. At low and high percentages of 

binding the inherent errors in Ka are large and determination of Ka should only use Δ/Δo data 

between 0.2 and 0.8.32 

Benisi-Hildebrand (eq. I-4),33 Scatchard (eq. I-5),34 Creswell-Allred (eq. I-6),35 or Rose-

Drago (eq. I-7)36 multi-point methods can also be used to determine Δo and Ka; Δ/Δo = fraction of 

Nx complexed. Gibson et al.37 considerably improved the approximation of Ka by utilizing an 

iterative technique. Initially, [H]eq. and [G]eq. (the equilibrium concentrations of hosts and guests) 

are approximated as [H]o and [G]o (the initial concentrations of hosts and guests) and using the 

Benisi-Hildebrand method (plotting Δ vs. 1/[H]o) Δo is estimated as the slope and Ka the y-

intercept, which is then used to refine [H]eq. and [G]eq. The cycle is repeated until a constant Δo 

and Ka are obtained. They were able to show that simple the Benisi-Hildebrand methods 

underestimate Ka by up to a factor of two for Ka ≈ 100-500 M-1 and greater for larger Ka.  

Analogous  determinations could be made using the Scatchard model (plotting Δ/[H] vs. Δ, the 

slope is –Ka and the intercept is KaΔo), the Cresswell-Alldred method (plotting δ vs. 

[complex]/[H]o, where [complex] is calculated by assuming an initial Ka and solving the 

quadratic solution of the equilibrium constant expression and adjusting the Ka until the intercept 

agrees with the experimentally determined δuc), or by the Rose-Drago method which is useful for 

cases where [H] is not approximated well by [H]o. The Creswell-Allred method is the only 

method with an internal check; as the estimation of Ka improves, the intercept converges to the 

experimentally determined δuc.  
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 UV-Vis and fluorescence spectroscopy can be used in place of NMR.22,38 These 

techniques use the same mathematical treatments for stoichiometry and Ka determination. The 

techniques only require separated signals for the free and complexed species. The methods are 

significantly more sensitive than NMR, allowing for lower concentrations to be measured, to the 

point where they allow for essentially complete ion pair dissociation of guests salts. These 

techniques are important for host-guest systems in which only the free guest can be complexed. 

Fluorescence is good for high Ka systems (Ka = 105 – 107 M-1), but normally complexation 

reduces fluorescence; therefore, quenching must be measured to determine association constants.  

Isothermal titration calorimetry (ITC) is an effective analytical tool in host-guest 

chemistry. The method is useful at values of Ka from 102 to 108. The heat changes (q) from 

titrating guest solution into a solution of host or vice versa is measured and the titration curve is 

fit using the Wiseman isotherm (eq. I-8). The mathematical fitting of the titration data is 
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stoichiometry dependent and is therefore a secondary determination of stoichiometry of the 

system being explored. 

 

  eq. I-8
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Where n is the stoichiometry, [H]tot and [G]tot are the amount of host and guest respectively in 

the cell, and ΔH is the enthalpy of titration (and dilution). The heat of dilution correction is 

significant for guest titrants and is estimated by titration into neat solvent.  

 

I-3 Bipyridinium Guest Binding 

In the 1980’s the Stoddart group showed that crown ethers (I-7 and I-9) are able to bind 

2,2’- and 4,4’-bipyridium salts (termed diquat and paraquat (or viologen), respectively, Figure I-

4).39, 40 These complexes utilize charge donor-acceptor, π-π stacking, and hydrogen bonding 

interactions in concert and have association constants of 500-1500 M-1. Difunctional derivatives 

of cDB30C10 (I-8 and I-9) were synthesized, converted into the o-xylyl-cDB30C10 cryptand (I-

10) (8 steps, 3% overall yield), and the cryptand improved the complexation of diquat (Ka ~ 2.7 x 

105 M-1, in acetone at room temperature).41 The original papers only give a value of ΔG = -7.4 

kcal/mol (which was converted into the Ka value stated above); on page 166 of their book, Steed 

and Atwood,3 state the Ka > 9 x 105 M-1, but do not describe how they obtained this different 
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value. The synthetic methods to functionalize crown ethers and cryptands were grueling and little 

work has been done in this area until the Gibson group starting around 2000.  

Complexation is driven by hosts containing both electron-rich aromatic units and many 

hydrogen bond acceptors interacting with guests containing both electron poor aromatic units 

and numerous hydrogen bond donors, yielding enthalpic interactions. Paraquat and diquat are 

electron poor and their hydrogen atoms have significant electropositive character. Both were 

widely used herbicides,42 but are no longer used due to toxicity. Paraquat has been more widely 

studied as a guest because it is easy to functionalize and, therefore, a more likely candidate for 

complex topologies. Paraquat diol has higher solubility and possesses reactive functional groups 

for rotaxane and catenane synthesis. Until recently synthesis of functional 2,2’-bipyridines, the 

precursor to functionalized diquats, was quite difficult, but the field is being pushed further and 

should afford more interest in diquat binding.43  

NR N R

Dimethyl Paraquat (X-)2 R = CH3
Paraquat Diol (X-)2 R = CH2CH2OH

N N(X )2
(X )2

Diquat (X-)2  

Figure I-4. Bipyridinium organic dications. 

 

All of the early work completely ignored the counter anions. This issue was brought to 

the forefront by Gibson28, 44, 45 and it was determined that in all cases the anion has some 

influence, since overall solubility can be dictated by the anion and more importantly, in general, 

smaller cavity hosts can only bind the free cation (likely dependent on cation). Highly 

dissociative anions (e.g., PF6
- or BF4

-) are used to maximize solubility in acetone, chloroform, or 
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acetonitrile (typical complexation solvents with deuterated forms available for NMR 

spectroscopy) and minimize the concentration of partially or completely associated salts. The 

hexafluorophosphate anion was used exclusively in this dissertation. 

In order to achieve high binding constants with high selectivity, supramolecular chemists 

must produce systems with very favorable enthalpic interactions and minimal entropic penalties. 

Preorganization is a simple way to overcome entropic costs incorporated in organization. Gibson 

et al. produced crystal structures in which bis(m-phenylene)-32-crown-10 (BMP32C10, I-13) 

forms an exo complex with  bis(dibenzyl ammonium)26 (Figure I-5) and paraquat guests.46 

Huang has recently shown that the paraquat system also produces threaded structures via 

rotaxane trapping,47 although the threaded form was assumed to exist since catenanes have also 

been produced from this system.48 Very similar supramolecular pseudocryptands, using either 

water49 or counterions,44 have been found to tie the crown ether diol groups (of I-14) together; 

water or counter ion interact with the host’s alcohol functionality, which lines up the water or 

counter ion to interact with the guest. Similar to what Stoddart had already seen with higher 

binding ability of the xylyl DB30C10 cryptand (I-10), Gibson et al. showed that the 

preorganized cryptand affords higher binding constants by ‘pre-paying the entropic costs’ 

upfront during cryptand synthesis.  Also, additional arms on the host yield new positions to 

facilitate binding of the guest, affording higher enthalpic stabilization.   
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Figure I-5. Crystal structure of the exo complex  of  N,N’-dibenzyl(m-xylylene)diammonium 

bis(hexafluorophosphate) and BMP32C10.26 Taco complexes have also been reported with 

BMP32C1046 and DB30C1039 binding paraquat and diquat. 

 

The Gibson group’s goal has been to produce supramolecular polymers and block 

copolymers held together by supramolecular host-guest chemistry, discussed in more detail in I-

4. Systems based on simple crown ethers and bipyridinium ions cannot afford this goal; crown 

ether hosts have a limited number of binding sites (limited enthalpic driving force) and can adopt 

too many non-optimal binding confirmations to allow for continuous concerted interactions (high 

entropic costs). Cryptands have more binding locations and the host is preorganized to interact 

with bipyridinium guests, affording Ka > 105 M-1 and allowing for synthesis of supramolecular 

polymers and block copolymers linked by cryptand-based host-guest chemistry. All of Gibson’s 

early cryptand work was based on difunctional derivatives of BMP32C10 (I-14) because the 

hosts afforded high association constants with paraquat derivatives. Much work has been done 

trying to increase the yield of the crown ether with little improvement.50 The state of the art 

method is shown in Scheme I-2; the method takes 19 days minimum and affords 9-10% yield 

overall in four steps.  
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Scheme I-2. Synthesis of BMP 32C10 diol I-14. a. CH3OH, H2SO4, reflux, 3 d, 81%. b. excess 

Cl(CH2CH2O)3CH2CH2Cl, NaH, DMF, 50°C, 5 d, 61%. c. K2CO3, DMF, 110°C, 8 d, 21%. d. 

LiAlH4, THF, 93%. 

 

The requirements for good A-A + B-B condensation polymerizations of perfect 

difunctionality and fast reaction are the same as for cryptand synthesis, except in cryptand 

synthesis, the 1 + 1 cyclic is desired. In order to minimize oligomerization side reactions, 

cryptand synthesis requires pseudo-high dilution conditions.2 This is achieved by slow addition 

of the separate reagents via syringe pump into a large amount of solvent. The structures of four 

of Gibson’s BMP32C10 based cryptands are shown in Figure I-2, all having 1:1 solution 

stoichiometry with paraquat and diquat. The tetra(ethylene glycol)-BMP32C10 cryptand (I-15) 

was synthesized first and showed a significantly improved association constant over its crown 

ether precursor with dimethyl paraquat and the crystal structure of the complex showed that the 

third arm was too long to directly interact with the guest, but in fact held a water molecule that 
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then interacted with the guest (Figure I-6) similar to the supramolecular pseudocryptands 

discussed previously.46 These findings were positive (Ka improved to 6 x 104 M-1), but it was 

simple to see that the system could be improved. Variable temperature NMR experiments 

showed that ΔH° was the same in the interactions of BMP32C10 (I-14) and tetra(ethylene 

glycol)-BMP32C10-based cryptand (I-15) with paraquat; the magnitude of ΔS° was reduced 

(less entropic cost) and therefore produced the improved Ka value for I-15. 

 

 

 

Figure I-6. Crystal structure of tetra(ethylene glycol)-BMP32C10 cryptand (I-15) binding 

dimethyl paraquat. Lines d and e show hydrogen bonds between the cryptand and a water 

molecule. Lines b and c show the interaction between the Owater with two paraquat Hβ atoms.  

 

The cryptand association constants are summarized in Table I-1. For a specific guest, the 

strength of association is dependent on the host’s electron richness and the ability to be in the 

proper binding conformation. Interestingly, by comparison of the dimethylpyridyl-BMP32C10 

cryptand (I-17) to the pyridyl-BMP32C10 cryptand (I-18) one would expect the former to be 

more electron rich (at the point of interaction, N) and a bit more flexible to accept the guest; 
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however, the latter has a longer arm with carbonyl groups that tend to be in resonance with the 

pyridine aromatic unit, which makes the cavity more accepting and allows the phenyl rings to 

assume more parallel interactions with the guest. Also the ester sp3-O atoms can accept an 

additional four weak hydrogen bonds, therefore producing a very high Ka. 

 

 

 

Table I-1. Association Constants of BMP32C10-based Cryptands Determined by the Gibson 

Group 

Functionality of  
the third arm 

Ka (M-1)a,24  with 
Dimethyl Paraquat (PF6)2

Ka (M-1)a,24  with 
Paraquat diol (PF6)2 

Ka (M-1)a,51  with 
Diquat (PF6)2 

tetra(ethylene glycol)  
(I-15) 

6.0 x 104 6.0 x 104 4.3(±0.4) x 104 

Dimethylpyridyl 
(I-17) 

9.4(±0.9) x 103 - 7.4(±0.7) x 103 

Hydroquinone 
(I-16) 

2.2(±0.2) x 104 - 9.3(±0.9) x 102 

Pyridyl 
(I-18) 

5(±2) x 106 b - 3.3(±0.7) x 105

Benzylchelidamate 

(I-19) 
9.0 (±1.8) x 105 b,52 4.4 x 106 a,53 - 

a. All association constants were determined in acetone-d6 at rt by direct NMR methods 
except where noted 

b. Ka estimated by competitive methods 
 

 

In the Gibson Labs, Dr. Hong Wang explored the regiospecific synthesis of difunctional 

cDB24C8 (I-3 and I-4) and demonstrated that this smaller crown ether was templated by 

potassium ion.54 The synthesis of cDB24C8 is shown in Scheme I-3; the method takes 5 days 
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and produces the crown ether in 85% yield in three steps from methyl 3-hydroxy-4-

benzyloxybenzoate. However, when cDB24C8 was converted into a cryptand with the currently 

best available third arm, pyridyl, it was determined that space in the cavity  of I-11 was limited 

and the association constant was only 1.0x104 M-1 with paraquat diol.55 

 

Scheme I-3. Regiospecific synthesis of cDB24C8 diol. a. C6H5CH2Br, K2CO3, CH3CN, reflux, 

12 h, 51% yield. b. Ts(OCH2CH2)3OTs, K2CO3, CH3CN, reflux, 15 h, 100%. c. H2, Pd/C, 12 h, 

87%. d. Ts(OCH2CH2)3OTs, KPF6, K2CO3, CH3CN, reflux, 24 h, 89%. e. LiAlH4, THF, 95%. f. 

2,6-pyridine diacid chloride, pseudo-high dilution, rt, 7 d, 44%. 

 

In the same papers,54, 55 Wang et al. also reported the synthesis the functionalized crown 

ethers tDB24C8 diester and diol (I-5 and I-6) (Scheme I-4). The crown was produced in 7 days 

with 33% overall yield. The tDB24C8-based cryptand (I-12) bound paraquat diol with an 

association constant of 1.4 x 104 M-1; the modest gain in Ka was likely due to the fact that the 
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ethyleneoxy arms are equivalent and, therefore, have a high propensity to be in an acceptable 

binding position, but the cavity of the cryptand is even more spatially hindered than the 

cDB24C8 based cryptand.  
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Scheme I-4. Regiospecific synthesis of tDB24C8 diol. a. Cl(CH2CH2O)3CH2CH2Cl, K2CO3, 

CH3CN, reflux, 3 d, 75%. b. H2, Pd/C, 12 h, 100%. c. KPF6, K2CO3, CH3CN, reflux, 3 d, 44%. d. 

LiAlH4, THF, 95%. e. 2,6-pyridine diacid chloride, pseudo-high dilution, rt, 7 d, 44%. 
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I-4 Application of Self-Assembly to Produce Large Ensembles 

Reversible  Polymers 

 In the late 1990’s, the Gibson group took on the task of synthesizing reversible 

supramolecular polymers based on crown ether hosts binding paraquat or dibenzyl ammonium 

guests (Scheme I-5).56 The reasons are clear. First, the reversible nature affords for the 

opportunity for improved processing conditions by reducing the melt viscosity to almost nothing. 

Secondly, if the material is damaged it could self-heal via host-guest interaction. Finally, the 

suprapolymers are inherently recyclable. The pseudorotaxane structure can be trapped in 

mechanical linkages (i.e., as a rotaxane or a catenane). The crown ether-based systems showed 

acceptable solubility, but the binding constants were not high enough to achieve significant 

degrees of polymerization (discussed below, see also Figure I-8). All of the linkers used in this 

set of papers were relatively short (≤ C10) and cyclic formation was prevalent, but was reduced 

with increasing linker length. 

 Although not a focus of the present work, dibenzylammonium salts are frequently used in 

supramolecular chemistry because functional derivatives are accessible and the guest is acid-base 

switchable. However, this guest does not provide the driving force needed to form the desired 

polymeric species. 
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Scheme I-5. Cartoon representations of suprapolymers a) an A-B supramolecular reversible 

polymer system and b) an A-A B-B supramolecular reversible polymer system; the A groups 

represent cyclic host shown by red circles and the B groups represent linear guests shown by 

blue bars. The linker between A and A, A and B, and B and B could be as short as a methylene 

or polymeric. 

 

At the same time, Meijer’s group was building supramolecular polymers from hydrogen 

bonded systems that emulate nucleic acid pairing, Figure I-7a.57 His systems showed very high 

association constants (>106 M-1), but they also suffered from self-dimerization, challenging 

synthetic procedures, and have poor solubility. The hydrogen bonded systems have been shown 

to be self-healing.58 Recently Zimmerman has produced systems that overcome self dimerization 

(Figure I-7b).59 The non-threadable linkages cannot be trapped by mechanical linkages and 

therefore cannot afford long term control of these polymers.  

Meijer et al. self-assembled poly(ethylene/butylene) block copolymers with a quadruple 

hydrogen bonding unit. Without the supramolecular end unit, the mixture of copolymers is a 

liquid. With the end unit, the self-assembled copolymer is a useful solid at room temperature and 

22 

 



Chapter I   A. M.-P. Pederson, Ph.D. Dissertation 

melts above room temperature.60 The zero-shear viscosity of the self-assembled copolymer has 

strong temperature dependence, allowing for useful low viscosity melt processing.  

 

Figure I-7. Quadruple hydrogen bonding units: a) Meijer’s initial quadruple hydrogen bonding 

unit. b) Zimmerman’s orthogonal hydrogen bonding unit. 

 

 Starting from the Carother’s equation, Meijer derived57 the relationship between the 

degree of polymerization (DP), Ka, and the initial monomer concentration [H]˳ to be: 

1)[H]2K(1
[H]2KDP

oa

oa

−+
=  

Eq. I-9a

When 2Ka[H]˳ >>1 and (2Ka[H]˳)1/2 >>1, 

oa[H]2KDP =  Eq. I-9b

High association constants are important to drive pseudorotaxane formation, but they are 

especially important in the synthesis of self-assembled/reversible polymers, where high binding 

constants are necessary to achieve high molecular weight. Also, DP is proportional to the square 
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root of the initial monomer concentration; systems with excessively low solubility will be 

handicapped even if their binding constants are very high (>108). Meijer’s treatment invokes the 

isodesmic assumption (Ka is constant throughout polymerization), although steric effects will 

always have an effect on the ability of two interactive groups to find each other.  Also, during 

polymerization the molecular weight increases over time slowing the diffusion of the polymeric 

species. Moreover, the entropy of the system is decreasing over time, and there are possibly 

electrostatic factors limiting continued polymerization. All of the above are important in classical 

polymerization, but the entropy term is very important in self-assembly, because the 

polymerizations via pseudorotaxanes are reversible. At equilibrium the entropy and enthalpy 

terms to cancel each other out, which is why strong enthalpic interactions are required to produce 

high molecular weight materials. From Figure I-8, it is easily ascertained that high molecular 

weight is only achieved when Ka > 103 M-1. The isodesmic assumption is probably not correct, 

however it is a good starting place for rating the strength of binding and the prediction of a Ka of 

at least 106 M-1 being necessary to produce reversible polymers is reasonable.  
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Figure I-8. Variation of the degree of polymerization with binding constant ([H]˳= 1.0 M).57 

 

Block Copolymers Linked by Supramolecular Host-Guest Chemistry 

The principle advantages of block copolymers over polymer blends is that they can only 

phase separate on the micro-scale and their properties differ from respective homopolymer 

blends. Typically, the separate block molecular weights are between 10-100 kDa for block 

copolymers. Block copolymerizations can be challenging because not all polymerization 

techniques are applicable to all monomers; solubility and reactivity can become an issue with 

certain monomer systems. Supramolecular connections allow for separate homopolymerizations 

that may use different techniques. 
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Conventional block copolymers are produced by sequential monomer addition using 

living or pseudo-living methods such as anionic (AP), stable free radical (SFRP), and atom 

transfer radical polymerizations (ATRP). An example of each polymerization is shown in 

Scheme I-6. Sequential monomer addition can produce a tapering effect (a period during 

polymerization during which the copolymer is random at the interchange point). The desired 

blocks ideally are of narrow molecular weight. Not all pairs of monomers are able to be 

polymerized by the same technique and it is difficult to maintain living criteria during reactive 

end group exchange; living criteria simply define the ability to continue polymerization in a 

controlled manner over time. 

In 1956, Szwarc discovered termination-free (living) AP of styrene.61 AP requires water- 

and oxygen-free environments for the controlled polymerization to occur and is sensitive to 

functional groups outside of alkanes and alkenes. If these requirements are met, polymers can be 

produced with the narrowest molecular weight distributions and end capping can be achieved in 

a controlled, specific manner. 

SFRP employs thermally labile alkoxyamines to produce narrow molecular weight 

distributions under less stringent conditions than AP.62 SFRP is tolerant to a wider range 

functional groups than AP and functional end groups can be incorporated into the initiator and 

into the nitroxide group to afford difunctional polymers. SFRP has long reaction times due to the 

stability of the inactive species; improved SFRP interferers have helped to increase the rate of 

reaction by activating the radicals.63  

ATRP provides a simple method of polymer end functionalization as numerous alkyl 

halides have been used to initiate polymerizations.64, 65 Matyjaszewski’s work on end 
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functionalization via unique initiators followed by reaction at the terminal halide allows for 

hetero- or homo- bifunctional polymers.65
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Scheme I-6. Examples of a) anionic, b) stable free radical, and c) atom transfer radical 

polymerizations. Block copolymers are produced by addition of monomers to the living or 

pseudo-living polymer.  
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Supramolecularly connected block copolymers would avoid the tapering period seen in 

sequential monomer addition and avoid the issues of order addition and method of 

polymerization. The supramolecular interactions are reversible, allowing for dissipation of 

energy/stresses and reformation of architectures without chain degradation. Supramolecular 

connections do have limitations: The non-covalent interactions are weaker than C-C bonds, the 

supramolecular end groups will have an effect on the overall structure, and the supramolecular 

interactions are sensitive to polar solvents.  

The Gibson group terminated polyisoprene and polystyrene made via AP with 

benzylidenebenzylamine66 to yield amine functionalized polymers.67 The polymers were 

protonated and the polymer-ammonium ion was bound by crown ethers and crown ether 

functionalized polymers made by SFRP. These low binding systems exhibit higher viscosities 

than control experiments with non-interacting analogs (crowns only bind the ammonium 

functionalized polymers). The experiments show proof of concept: Highly associating host-guest 

systems can supramolecularly link, indicating that block copolymers are possible. 

 Many groups have synthesized functionalized unimolecular alkoxyamine initiators for 

SFRP.68 They achieve similar molecular weight, molecular weight distribution, well-defined end 

groups, and polymerization rates.69 Hawker reported a useful pathway to these unimolecular 

alkoxyamine initiators utilizing Jacobsen’s catalyst and trapping by addition of nitroxides;70 

however, the Gibson group’s attempts to repeat this work have not attained the yields reported by 

Hawker. Nonetheless, crown ether functionalized initiators and polymers have been produced.71 

Yamada abstracted a benzylic hydrogen from ethylbenzene derivatives and trapped the resulting 

radical with nitroxides, producing >80% yields with simple purification steps.72 Matyjaszewski 
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has synthesized ATRP initiators, activated them, and trapped with nitroxides to produce SFRP 

initiators.73  

Again the main issue is that host-guest binding strength must be high enough to 

overcome reduced concentrations, polymer steric effects, and the polymers’ tendency to macro-

phase separate. The hydrogen bonding systems have been shown to suppress macrophase 

separation, so it should also be possible using pseudorotaxane formation. It is important to note 

that most of the polymers to be studied are less polar and less able to stabilize bipyridinium 

guests, than typical complexation solvents, thereby improving the driving force to complexation. 

Figure I-9 shows the association constant requirements to overcome the end group dilution 

problem. The most important message is that simple crown ethers cannot afford 

supramolecularly linked block copolymers; cryptands will be required. 

The Gibson group has done some preliminary work exploring the effect of polymer steric 

effects on crown ether systems. Dibenzylammonium ions form pseudorotaxanes with DB24C8 

(Ka = 500 M-1), but when a 3 kDa DB24C8-poly(styrene) was used the Ka was only 61(±7) M-1; 

that is almost a 90% reduction in binding ability in the same solvent and at the same temperature. 

Similarly, a paraquat derivative is bound by BMP32C10 (Ka 1.2(±0.2) x103 M-1), but when the 

association was measured with a 4.5 kDa BMP32C10-poly(styrene) it was found the Ka was 

diminished to 750(±30) M-1; the polymeric host’s Ka was only 61% of the small molecule’s in 

the same solvent and at the same temperature.  
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Figure I-9. The effect of end group dilution on the required association constants to produce 

supramolecularly linked AB-block copolymers.  

 

 In conclusion, crown ethers have been shown to be strong hosts for a variety of electro-

positive guests via enthalpic driving forces. Specifically, crown ethers form pseudorotaxane or 

exo complexes with bipyridinium guests and binding can be improved by replacing the crown 

ether with crown ether-based cryptands. The Gibson group has recently produced a highly 

efficient synthesis of difunctional cDB24C8 and if the method can be extended for use in the 

synthesis of larger crown ethers, cryptands with high binding constants should also be accessible. 

Functionalized crown ethers have been incorporated into reversible polymers, but the degrees of 
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polymerization are limited because the association constants are not large enough. Similarly, 

crown and guest functionalized polymers have been produced, but proof of block copolymer 

behavior in the solid state is lacking for these systems. Higher Ka host-guest systems are needed 

to drive reversible polymer and supramolecular block copolymer synthesis.  
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Chapter II 

 

Overall Objectives of this work 

 

 

When Stoddart first reported bipyridinium binding by crown ethers 25 years ago, it was 

fascinating to think about biomimetic binding and supramolecular structures.1 Today the Gibson 

group has the following goals: (1) improve host synthesis,2 (2) advance the quantification of 

binding strength,3 and (3) synthesize stronger binding,4 more adaptable, and less toxic host-guest 

systems,5 (4) for the production of pseudorotaxane based polymeric supramolecular assembles.6 

The literature review (Ch. I) discusses why high association constants are required and 

gives examples that are proof of concept for the desired polymeric supramolecular assemblies. 

This dissertation can be broken up into three parts: Chapters III and IV describe work based on 

BMP32C10-based cryptands and explore the synthesis of a functionalized cryptand (Ch. III) and 

attempted improvement of binding (Ch. IV). Chapters V and VI extend potassium ion templated 

regiospecific synthesis of cDB24C8 diester2 to larger crown ethers (cDB30C10 and cDB27C9, 

respectively) and conversion to cryptands to produce higher binding host-guest systems.  Chapter 

VII summarizes my attempts to make functionalized cDB30C10-based cryptands that would 

allow incorporation of cryptand hosts into our desired polymeric supramolecular assembles.   
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A New Functional Bis(meta-Phenylene)-32-Crown-10-Based Cryptand Host For Paraquat♣ 
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The pseudorotaxane complex of the new hydroxymethyl cryptand III-3 with N,N’-

dimethyl-4,4’-bipyridinium bis(hexafluorophosphate), PQ(PF6)2, has an association constant of 

2.0 (±0.3)  x 104 M-1 in acetone at 25 °C. In the crystal structure of III-3·PQ(PF6)2 one of the 

bonding elements appears to be an aromatic edge-to-face interaction of a paraquat β-proton with 

the hydroquinone moiety; this is the first time this interaction has been reported between a 

cryptand and paraquat. 

 

 

 

                                                            
♣  Chapter III was published: Pederson, A. M.-P.; Vetor, R. C.; Rouser, M. A.; Huang, F.; 
Slebodnick, C.; Schoonover, D. V.; Gibson H. W. J. Org. Chem. 2008, 73, 5570-5573. Under 
2008 copyright of the American Chemical Society 
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III.2 Introduction 

Crown ether-based supramolecular assemblies1 are of great interest for many different 

applications.2 We have shown that supramolecular oligomers can be synthesized from suitable 

building blocks containing crown ether hosts and ammonium or paraquat (N,N’dialkyl-4,4’-

bipyridinium) guests.3 Crown ethers allow selective guest binding and do not exhibit self 

association, which makes the synthesis of supramolecular polymers possible (Scheme III-1); 

however, improved association constants, good solubility and reactive functional groups are 

needed to afford truly polymeric supramolecular materials with degrees of polymerization, n, 

greater than or equal to 100.3c,3f,4,5 To this end we have pursued more strongly associating hosts 

for paraquats by incorporation of additional binding sites and preorganization of the hosts in the 

form of cryptands.6 We had previously made cryptand III-16e and showed that it binds N,N’-

dimethyl-4,4’-bipyridinium bis(hexafluorophosphate), PQ(PF6)2, with an association constant 

(Ka) of 2.2 (±0.2) x 104 M-1 in acetone-d6 at 22 ºC, but were unable to obtain a well-refined 

crystal structure of the complex. In the present work we prepared the functional derivative III-3 

(Scheme III-2), studied its complexation with PQ(PF6)2, and obtained an informative crystal 

structure of the resulting complex IIII-3·PQ(PF6)2.   

 

n

A-A

B-B

+

A-B n

 

Scheme III-1. A-A + B-B and A-B building blocks for supramolecular polymers. 
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III.3 Results and Discussion 

Reaction of the known bis(5-bromomethyl-1,3-phenylene)-32-crown-107 with 2-

carbomethoxyhydroquinone under pseudo-high dilution conditions yielded cryptand III-2 in 

55% yield (Scheme III-2). Reduction of the ester moiety of III-2 with lithium aluminum hydride 

produced the corresponding cryptand III-3 in 90% yield.  

H2 
H1 

Scheme III-2. Synthesis of the functionalized host III-3 from III-2. 

 

H4 

H3 
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N

N

(PF6)2
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O O O

CH2

O
CH2

O

CH2HO

III-4PQ(PF6)2 

The partial 1H NMR spectra of III-3, a 1:1 molar mixture of III-3 and PQ(PF6)2, a 1:60 

molar mixture of III-3 and PQ(PF6)2, and PQ(PF6)2, respectively in acetone-d6 at 23 °C are 

shown in Figure III-1; Figures 1b and 1c show a single set of peaks for the constituents, III-3 

and PQ(PF6)2, indicating fast-exchange complexation. The aromatic proton (H1 and H2) signals 
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of the cryptand were strongly shifted upfield upon complexation (Figure 1b and 1c vs. 1d), while 

the signals for phenylene protons H3, H4, and H5 of host 3 at 6.43, 6.53, and 7.01 ppm of host 

III-3 were shifted strongly downfield in the complex. The NMR signal of H2 is split upon 

complexation; this is either due to hindrance of the phenylene ring flipping8 or because of 

asymmetry in the complex which would induce drastically different chemical environments for 

the H2 of the two m-phenylene moieties (see the crystal structure below). All of the PQ(PF6)2 

signals were shifted upfield upon complexation (Figure 1b vs. 1a).  

Figure III-1. Partial 1H NMR spectra (400 MHz, acetone-d6, 23 °C) of a) PQ(PF6)2, b) 1.00 mM 

III-3 and 1.00 mM PQ(PF6)2, c) 1.00 mM III-3 and 60.0 mM PQ(PF6)2, and d) 3. 

 

The Job plot9 (Figure III-2) demonstrates the 1:1 stoichiometry of the complex III-

3·PQ(PF6)2. The Δo value for the complex was estimated to be 0.70 ppm by measuring the peak 

position of H1 in the presence of 30-, 50-, and 60-fold molar excesses of PQ(PF6)2 and 

extrapolating to infinite guest concentration in a plot of Δ (Δ = the chemical shift change of H1 of 
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the cryptand III-3) vs. the inverse of guest concentration (1 / [PQ(PF6)2]). From the 1H NMR 

data for H1 the association constant {Ka = Δ/Δo / [1 – (Δ/Δo)]2 [PQ(PF6)2]o} was estimated to be 

2.2 (±0.2) x 104 M-1 in acetone-d6 at 23 ºC. This value is identical to that for the analogous 

unsubstituted cryptand complex III-1·PQ(PF6)2 determined previously under the same 

conditions.6e  

 

Figure III-2. Job plot of III-3·PQ(PF6)2 in acetone-d6; the total concentration [III-3]o + 

[PQ(PF6)2]o was maintained at 1.00 mM. The Δ value is for proton H1 of cryptand III-3. 

[3]˳/ ([3]˳ + PQ(PF6)2) 

 

Isothermal titration calorimetric (ITC) experiments were performed in acetone at 25 °C 

for III-3 with PQ(PF6)2. Analysis of the data provided Ka = 1.7 (±0.1) x104 M-1 and ΔH = -8.5 

(±0.1) kcal/mol with 1:1 stoichiometry.  

The 1:1 nature of the complex was confirmed by Fast Atom Bombardment Mass 

Spectrometry (FAB-MS) using an acetone solution of III-3 and PQ(PF6)2. One peak for the 

uncomplexed guest and three peaks for the complex III-3·PQ(PF6)2 were observed: m/z 331.61 
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(100%) [PQ(PF6)]+, 1031.4 (13%) [III-3·PQ(PF6)]+, 1032.4 (8%) [III-3·PQ(PF6) + 1]+, 1033.4 

(4%) [III-3·PQ(PF6) + 2]+.  

The solid state structure of the inclusion complex III-3·PQ(PF6)2 was determined by X-

ray crystallography.10 The crystal structure (Figure III-3) shows that the four Hα protons of the 

paraquat guest are unbound in the solid state. The π–stacking15,16 of the electron rich aromatic 

rings of cryptand III-3 with one of the electron poor aromatic rings of the paraquat, as evidenced 

by the yellow color of the crystals and solutions of the two components, is confirmed by the 

parallel nature (inclination angles less than 6.4°) of the aromatic rings and their spacings (3.262 

and 3.432 Å, respectively). Three oxygen atoms of an ethyleneoxy arm of the host 

simultaneously bind two methyl protons of the guest; one Hβ of the paraquat interacts with an 

oxygen atom of the other ethyleneoxy arm. In accord with this structure, NOE experiments 

verify the through space interactions of the Hα and Hβ protons with the aromatic and ethyleneoxy 

protons of the host in the solution phase complex. We interpret the close contact between one Hβ 

and the aromatic π-cloud of the hydroquinone moiety of host III-3 as an edge-to-face 

interaction.16,17 We were unable to obtain a high quality crystal of the parent complex III-

1·PQ(PF6)2 in our earlier work,6e  although the same C-H···π interaction probably exists in that 

complex as well, since its Ka value is the same as that of III-3·PQ(PF6)2. However, in the 

isomeric complex III-4·PQ(PF6)2 such an interaction was not observed; in that system the 

resorcinol ring was turned at an oblique angle to the paraquat ring and, presumably as a result, its 

Ka was lowered to 6.3 x 103 M-1.6e Thus, III-3·PQ(PF6)2 appears to exhibit the first edge-to-face 

hydrogen-bond interaction reported for a crown ether-based cryptand complex with a paraquat.  

If we assume that the difference in association constants between III-3·PQ(PF6)2 and  III-

4·PQ(PF6)2 is due to the C-H---π bonding in the former, it accounts for 0.77 kcal/mol or 3.2 
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kJ/mol toward the binding energy at room temperature. This value is in accord with other 

estimates17 for this sort of intermolecular attractive force. 

 

 

 

 

 

 

 

 

 

 

Figure III-3. The crystal structure of III-3·PQ(PF6)2 in top and side views. Solvent molecules, 

and counterions were omitted. Hydrogen-bonds a-c are defined by H···O distances (Å) and C-

H···O angles (°): a (bifurcated CH3 – O) 2.365, 162.3 and 2.895, 120.0; b 2.396, 169.3; c 2.501, 

147.6. The C-H---π edge-to-face interaction d is defined by an H···hydroquinone centroid 

distance of 2.905 Å and a C-H···centroid angle of 163.0°. The cryptand OH group is hydrogen-

bonded to an ethyleneoxy O of a neighboring molecule of 3 with an H···O distance of 2.220 Å 

and an O-H···O angle of 149°. The exo-paraquat methyl group interacts with a trapped acetone 

molecule. The centroid-to-centroid distance between the phenyl rings of III-3 is 6.697 Å and the 

angle between these rings is 4.2°. The interplanar distances between the aromatic rings of the 

host and the endo-pyridinium ring are 3.262 and 3.432 Å, respectively. 
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III.4 Conclusions 

In summary, a new functionalized cryptand host, III-3, has been synthesized. It 

complexes PQ(PF6)2 in a 1:1 fashion as demonstrated by 1H NMR, ITC, FABMS, and X-ray 

crystallographic studies. Due to its relatively good association constant, solubility, and 

functionality host III-3 will allow us to synthesize building blocks for supramolecular polymers. 

 

III.5 Experimental Section 

Synthesis of Cryptand III-2. Solutions of bis(5-bromomethyl-1,3-phenylene)-32-crown-10 

(3.60 g, 5.00 mmol) and methyl 2,5-dihydroxbenzoate (840 mg, 5.00 mmol) in DMF (40 mL) 

were added via a syringe pump at 1.00 mL/h into a suspension containing potassium carbonate 

(32.0 g, 230 mmol) and tetrabutylammonium iodide (20.0 mg) in DMF (1.5 L) at 110 °C. After 

complete addition, the reaction mixture was stirred at 110 ˚C for 5 days. The solvent was 

removed by rotary evaporation. The residue was treated with chloroform and filtered. Removal 

of the chloroform afforded the crude product, which was purified by flash column 

chromatography, eluting with ethyl acetate to afford the cryptand III-2 as a white solid, 2.0 g (55 

%), mp 102.6-104.4 ˚C. 1H NMR (400 MHz, CDCl3, 22 ˚C): δ 7.40 (1H, d, J3 = 3 Hz), 6.60 (1H, 

dd, J3 = 3 and J2 = 9 Hz), 6.53 (3H, m), 6.47 (2H, m), 6.38 (2H, m), 5.13 (2H, s), 5.02 (2H, s), 

4.03 (8H, m), 3.94 (3H, s), 3.78 (8H, m), 3.64 (8H, m). LR FAB MS (NBA): m/z 723.44 (30%) 

[III-2+K- CO2]+, 728.30 (50%) [III-2]+, 729.31 100% [III-2+H]+, 730.30 (35%) [III-2+H+1]+, 

731.30 (10%) [III-2+3]+, 767.46 (15%) [III-2+K]+, 768.48 (5%) [III-2+K+1]+. HR FAB MS 

(NBA/PEG): m/z calcd for [III-2+H]+ C38H49O14, 729.312; found 729.313, error 1.2 ppm. 
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Synthesis of Cryptand III-3. LiAlH4 (0.070 g, 1.8 mmol) was added in five portions over one 

hour to a solution of III-2 (1.0 g, 1.4 mmol) in THF (25 mL, distilled from Na and 

benzophenone) under N2. The mixture was stirred for 12 h and worked up using the Fieser and 

Fieser method.18 The crude product was purified by alumina column chromatography, eluting 

with chloroform, yielding 0.86 g (90%) of colorless solid, mp 79.7-83.4 ºC. 1H NMR (400 MHz, 

CDCl3, 22 ˚C): δ 6.94 (1H, d, J3 = 3Hz), 6.48 (4H, dd, J3 = 3 and J2 = 8 Hz), 6.42 (3H, m), 5.07 

(2H, s), 5.01 (2H, s), 4.73 (2H, d, J2 = 7 Hz), 4.03 (8H, m), 3.78 (8H, m), 3.64 (16H, m), 2.61 

(1H, t, J2 = 7 Hz).  LR FAB MS (NBA): m/z 392 (26%), 492 (9%), 562.7 (10%), 563.7 (26%) 

[III-3+H-C7H6O3]+, 564.7 (8%), 565.7 (1%), 682.9 (8%), 683.9 (8%), 684.9 (100%) [III-3+H-

OH]+, 685.9 (11%), 686.9 (5%), 687.9 (1%), 700.9 (5%), 701.9 (30%) [III-3 + H]+, 702.9 (12%), 

703.9 (3%). HR FAB MS (NBA/PEG): calcd for [III-3]+ C37H48O13, 700.3095, found 700.3073, 

error 3.1 ppm. 

FAB MS determination of the complex III-3·PQ(PF6)2. LR FAB MS (NBA): m/z 331.61 

(100%) [PQ(PF6)]+, 685 (8%) [III-3-OH]+, 701 (4%) [III-3]+, 1031.39 (13%) [III-3·PQ(PF6)]+, 

1032.4 (8%) [III-3·PQ(PF6) + 1]+, 1033.4 (4%) [III-3·PQ(PF6) + 2]+. The theoretical 

abundance ratios for [III-3·PQ(PF6)]+, [III-3·PQ(PF6) + 1]+and [III-3·PQ(PF6) + 2]+ are 13, 

7.4, and 2.4%, respectively. HR FAB MS (NBA/PEG): calcd for [III-3·PQ(PF6)]+ 

C51H66O15N2PF6, 1031.3888, found 1031.3903, error 0.8 ppm. 
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Chapter IV 

 

Dimethylpyridyl-BMP32C10 Diacid-Based Cryptand IV-2 

 

VI.1 Introduction 

The BMP32C10-pyridyl cryptand, IV-1, is an amazing host for dimethyl paraquat 

bis(hexafluorophosphate) [PQ(PF6)2] with an association constant (Ka) > 106 M-1 (25 °C, 

acetone).1 The regioisomer of IV-1, IV-2, is easy to synthesize, should have higher electron 

density at the pyridine-N (allowing stronger interactions with PQ), and should have a similar 

conformation. As we continue to push for higher binding host-guest systems to produce high 

molecular weight supramolecular polymers, we decided to explore the supramolecular chemistry 

of cryptand IV-2.    
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VI.2 Results and Discussion 

Diacid IV-32 was converted to diacid chloride IV-4 by reaction with oxalyl chloride (DMF 

catalyst) in dichloromethane; the reaction did not proceed in the absence of the DMF catalyst 

(Scheme IV-1). Cryptand IV-2 was synthesized (45%) by reaction of diacid chloride IV-4 with 

2,6-pyridinedimethanol under pseudo-high dilution conditions. The NMR spectrum of IV-2 is 

shown in Figure IV-1. The highly symmetric cryptand affords a minimum of NMR signals. The 

integration values were normallized to the single 4-position pyridyl hydrogen, which slightly 

inflates the values for the upfield signals (especially for the ethyleneoxy arms). The cryptand was 

analyzed by FAB-MS: m/z 728.2955 (error 5.0 ppm) for [IV-2 + 1]+. 

 

 

 

Scheme IV-1. Synthesis of dimethylpyridyl-BMP32C10 diacid-based cryptand. a) oxalyl 

chloride, cat. DMF, CH2Cl2, rt, 2 h, b) 2,6-pyridinedimethanol, pseudo-high dilution conditions, 

CH2Cl2 with pyridine, rt, 7 d, 45% yield.  
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Figure IV-1. 1H NMR spectrum of IV-2 (CDCl3, 400 MHz). 

 

Single crystals of cryptand IV-2 were grown at room temperature by slow evaporation of 

a 9:1 chloroform: acetone solution. The crystal structure of IV-2 is 'modulated,' or 'aperiodic'. 

This is a form of disorder that cannot be modeled with the standard crystallographic software; 

only a structure that averages the disorder can be obtained. This average crystal structure is 

adequate for confirming general structure (Figure IV-2b); however, accurate bond distances, 

bond angles, and atomic displacement parameters cannot be measured. Dr. Michal Dusek, 

developer of the JANA software for refining modulated structures, has been brought in as a 

collaborator and the final crystal structure will be published separately.  
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Figure IV-2. Crystal structures of the neat hosts IV-1 and IV-2. a) two views of the crystal 

structure of cryptand IV-11 and b) two views of the preliminary crystal structure of cryptand IV-

2; the benzo rings of IV-2 are horizontally offset by ~3.9Å and the cavity opening is only 3.6Å. 

In both a) and b) hydrogen atoms have been omitted for clarity. 

a  b

 

 To date, single crystals of the complex IV-2·PQ(PF6)2 have been difficult to grow, 

although about two dozen separate attempts have been made. The crystallization solutions are 

yellow in color due to charge transfer interactions between the electron rich phenylene rings of 

IV-2 and the electron deficient guest pyridinium rings; each individual component is colorless.  

54 

 



Chapter IV             A. M.-P. Pederson, Ph.D. Dissertation 

The 1:1 complex IV-2·PQ(PF6)2 has been confirmed by HR ESI-MS: m/z 456.70088, 

60% [IV-2·PQ(PF6)2 – 2PF6
-]2+; 457.20345, 34% [IV-2·PQ(PF6)2 – 2PF6

- + 1]2+; 1058.36361 

(error 0.26 ppm), 39% [IV-2·PQ(PF6)2 – PF6
-]+; 1059.36773 (error 1.05 ppm), 21% [IV-

2·PQ(PF6)2 – PF6
- + 1]+; 1060.36981 (error 0.28 ppm), 6% [IV-2·PQ(PF6)2 – PF6

- + 2]+; 

1061.37229 (error 0.84 ppm), 1% [IV-2·PQ(PF6)2 – PF6
- + 3]+.  

Isothermal titration calorimetry (ITC) determined the strength of complexation: ΔH = 

9.7(±0.6) kcal/mol and  Ka = 6(±1) x 103 M-1 in acetone at 25 °C. This very surprising result is a 

260-fold reduction in binding compared to IV-1 with the same guest under the same conditions 

[ΔH = -15(±1) kcal/mol and Ka = 1.6(±0.6) x 106 M-1].3 The experiment was repeated in 

triplicate after base washing to make sure the pyridine ring of IV-2 was not protonated, only to 

give the same results. The 1H NMR spectra before and after base washing of IV-2 are equivalent, 

meaning the structure is not protonated; signals for the hydrogen atoms attached to a protonated 

pyridine would appear downfield from the unprotonated ring.  

 Although a crystal structure of the complex IV-2·PQ(PF6)2 is preferred to definitively 

explain the 260-fold reduction in Ka, the crystal structure of the neat host does provide insight 

through the observation of two distinct differences between IV-1 and IV-2: the pyridine-N of 

IV-2 points out from the cavity (not in a binding position, like IV-1) and in the solid state, the 

ester carbonyl groups (and therefore the ester sp3-O atoms)  are coplanar with the crown ether 

aromatic groups. In this coplanar orientation, the carbonyls reduce the electron density of the 

phenylene rings, the sp3-O atoms are not able to interact with the guest, the pyridine is forced to 

point away from the cavity, and most importantly the cavity opening is only 3.6 Å and cannot 

open further without disrupting this conjugation; comparatively the benzo rings of the neat 

55 

 



Chapter IV             A. M.-P. Pederson, Ph.D. Dissertation 

cryptand IV-1 are horizontally offset and are quite close to each other in the solid state structure, 

but in the solid state structure of the complex with paraquat, the host’s phenylene rings are 

vertically aligned and the cavity between the rings opens to 6.9 Å.  

  

IV.3 Conclusions 

 Cryptand IV-2 was synthesized in an attempt to further improve cryptand-paraquat 

binding constants. X-ray diffraction data from the neat host produced a rare modulated organic 

structure that is currently being solved. Cryptand IV-2 does not afford stronger binding of 

paraquat than IV-1, but many interesting insights have been gained about the effects of the 

cryptand third arm. Likely, the enthalpic cost of breaking up the host’s aryl-carbonyl conjugation 

outweighs any improvement in pyridine electron density and therefore reduces the driving force 

to associate. As Ka for exo complexes is usually <1000 M-1,4 it is likely that the complex is a 

pseudorotaxane, but a crystal structure of the complex is needed to prove threading. Future 

studies of cryptands using 2,6-pyridinedimethanol (or its functional derivatives) should not use 

linkages that conjugate the crown ether phenylene rings. 
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IV.4 Experimental Section 

Synthesis of BMP32C10 Diacid Chloride (IV-4). Diacid IV-3 (0.23 g, 0.37 mmol) was 

suspended in stirring CH2Cl2 (20 ml) and catalytic DMF (2 drops). Oxalyl chloride (3.0 ml, 35 

mmol) was added. A solution was quickly produced and stirred for 2 h until no more bubbles 

formed. The solvents were removed in vacuo, yielding an off-white solid that was used without 

further purification.  

Synthesis of Cryptand IV-2. IV-4 (0.30 g, assumed 0.37 mmol) and 2,6-pyridinedimethanol 

(0.04650 g, 0.37 mmol) were dissolved in CHCl3 and THF (20 ml), respectively. The reactants 

were added separately to CH2Cl2 (2 L) and pyridine (1 ml) via syringe pump (0.25 ml/hr). After 

the addition period, the mixture was stirred for an additional 5 d. The solvents were evaporated. 

The yellow residue was partitioned between CHCl3 and water. The organic phase was washed 

with water (x2) and the combined aqueous phases were washed with CHCl3 (x2). The combined 

organic phase was washed with 10% H2SO4, dried with Na2SO4, and filtered through a short 

alumina plug. The solvents were removed, yielding a yellow solid. The solid was purified using 

column chromatography (neutral alumina/1% CH3OH in CHCl3). The resulting solid was 

dissolved in CHCl3 and washed with 10% NaHCO3. The organic phase was dried (Na2SO4), 

filtered, and the solvents were removed in vacuo. A white solid was obtained (0.11g, 45%), mp 

146.3-147.1 °C. 1H NMR (CDCl3, 400 MHz): δ 7.83 (t, J3 = 8 Hz, 1H), 7.42 (d, J3 = 8 Hz, 2H), 

6.98 (m, 4H), 6.59 (m, 2), 5.44 (s, 4H), 3.84 (m, 12H), 3.70 (m, 20H). ESI MS (Agilent HP121 

and HP921, acetone) of IV-2: m/z 728.29699, 100% [IV-2]+, error 7.84 ppm; 729.29602, 42% 

[IV-2 + 1]+; 730.29618, 11% [IV-2 + 2]+; 750.27219, 17% [IV-2 + Na]+; 751.27508, 6% [IV-2+ 
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Na + 1]+; 886.24839, 11% [Na complex of the oligomeric side product: NaOCH2(NC5H3)CH2O-

(IV-4)-OCH2(NC5H3)CH2OH]+.  

ESI MS Determination of the Complex IV-2·PQ(PF6)2. HR MS (Agilent HP121 and HP921, 

acetone): m/z 456.70088, 60% [IV-2·PQ(PF6)2 – 2PF6
-]2+; 457.20345, 34% [IV-2·PQ(PF6)2 – 

2PF6
- + 1]2+; 728.29133, 100% [IV-2 + 1]+; 729.29554, 43% [IV-2 + 2]+; 730.29861, 11% [IV-2 

+ 3]+; 750.27462, 20% [IV-2 + Na]+; 1058.36361, 39% [IV-2·PQ(PF6)2 – PF6
-]+, error 0.26 

ppm; 1059.36773, 21% [IV-2·PQ(PF6)2 – PF6
- + 1]+ , error 1.05 ppm; 1060.36981, 6% [IV-

2·PQ(PF6)2 – PF6
- + 2]+ , error 0.28 ppm; 1061.37229, 1% [IV-2·PQ(PF6)2 – PF6

- + 3]+ , error 

0.84 ppm.  

ITC of Cryptand IV-2 with PQ(PF6)2. Complexation of cryptand IV-2 with PQ(PF6)2 was 

tested, in triplicate, before and after washing with NaHCO3: the averages were ΔH = 9.7(±0.6) 

kcal/mol and  Ka = 6(±1) x 103 M-1.  

-10

-5

0

0.000000000 33.333333333 66.666666667 100.000000000 133.333333333

Time (min)

µc
al

/s
ec

0.0 0.5 1.0 1.5 2.0
-8

-6

-4

-2

0

Data: ADAM9_NDH
Model: 1SITES
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Chapter V 

High-Yielding, Regiospecific Synthesis of cis(4,4’)-Dicarbomethoxy-Dibenzo-30-Crown-10, Its 

Conversion to a Pyridyl Cryptand and Strong Complexation of 2,2’- and 4,4’-Bipyridinium 

Derivatives♠ 
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Ka = 1.9 x 106 M-1 

V.1 Abstract 

A high yielding (93%), regiospecific synthesis of cis(4,4’)-dicarbomethoxy-dibenzo-30-

crown-10 (V-1c) is reported. The derived crown ether diol V-1d was converted to pyridyl 

cryptand V-12 in 44% yield by reaction with pyridine-2,6-dicarbonyl chloride. Binding of two 

different 4,4’-bipyridinium (paraquat) species (V-3) and 2,2’-bipyridinium (diquat) V-4 by V-12 

was explored via 1H NMR spectroscopy, NOE experiments, mass spectrometry, X-ray 

crystallographic analyses, and isothermal titration calorimetry.  Cryptand V-12 exhibits the 

highest association constant for diquat ever reported (Ka = 1.9 x 106 M-1) and very high 

association constants for paraquats (Ka > 105 M-1) in acetone at 22 oC. The binding constant of 

diquat V-4 by cryptand V-12 is nearly 6-times higher than any other reported host. 

                                                 
♠ Chapter V was published: Pederson, A. M.-P.; Ward, E. M.; Schoonover, D. V.; Slebodnick, 
C.; Gibson, H. W. J. Org. Chem. 2008, 73, 9094-9101. Under 2008 © of the American Chemical 
Society 
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V.2 Introduction 

Crown ether-based molecular recognition1 has been a goal since Pedersen’s first report of 

crown ether binding of alkali metal ions.2 In the mid-1980s Stoddart and coworkers reported that 

cis(4,4’)-disubstituted-dibenzo-30-crown-10 crown ethers (V-1) are good hosts for dimethyl 

paraquat and diquat (V-3b and V-4, respectively), but the synthesis of diol V-1d via V-1b was 

low yielding.3 From V-1d, Stoddart et al. synthesized a cryptand, V-6, which significantly 

improved binding of V-4 due to the addition of binding sites and preorganization of the host.4 

Likely due to synthetic challenges of making cryptands and functional diquats, little work has 

been done with these systems since the 1980s.  

The Gibson group has spent the past ten years creating synthetically accessible crown 

ethers5 and cryptands6 that have specific and strong interactions with guests V-3 and V-4, and 

mono-pyridinium guests. Our overall goal is to use these binding interactions to build 

supramolecular polymers.7 We previously reported a pyridyl cryptand, V-8, made via bis(meta-

phenylene)-32-crown-10 derivatives V-5a and V-5b, that complexed paraquat V-3b with an 

association constant, Ka = 5 x 106 M-1 (in acetone, 22 °C).6b  However, the synthesis of precursor 

V-5a is tedious and low-yielding.5a We began to seek alternative hosts that were more readily 

synthesized and complexed guests V-3 and/or V-4 equally strongly. We previously reported a 

high-yielding regiospecific synthesis of cis(4,4’)-dicarbomethoxy-dibenzo-24-crown-8 (V-2a);5e 

however, disappointingly the cryptand V-7 made from V-2a was less able to bind paraquat (1.0 x 

104 M-1 in acetone at 22 oC) than the larger host V-8 and does not appear to bind diquat at all due 

to steric effects.6d 

Having an excellent methodology for regiospecific syntheses of symmetrical “cis(4,4’)”-

disubstituted dibenzocrown ethers5e and the knowledge that the 32-membered bis(m-phenylene)-

based cryptand afforded very high association constants with paraquats, we naturally were drawn 
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to consider the analogous 30-membered dibenzocrown ether-based cryptand V-12 as potentially 

possessing the best of both worlds: facile synthetic accessiblity and powerful binding of 

paraquats and diquats. CPK models indicated that cryptand V-12 would be a good host for 

paraquats. In this paper we show that the same synthetic method used to synthesize dibenzo-24-

crown-8 derivative V-2a does, in fact, work extremely well for the larger dibenzo-30-crown-10 

diester V-1c and we show that cryptand V-12, derived from V-1c, is a better host for both guests 

V-3 and V-4 than dibenzo-24-crown-8-derived cryptand V-76d and nearly as good as bis(m-

phenylene)-32-crown-10-derived cryptand V-8 for paraquats (V-3). Interestingly, cryptand V-12 

complexes diquat (V-4) more powerfully than any previously reported host. 

In order to produce supramolecular polymers one must have a synthetically available 

system with good solubility and very high association constants.7e,8 In this paper we report a 

synthetically accessible host which does not have the significant solubility issues of the 

cyclodextrin and cucurbituril systems,9 and binds paraquat and diquat well enough to afford true 

supramolecular polymers. To date, diquats have not been employed as widely as paraquats in 

self-assembly processes. Recently, however, Pd catalyzed coupling to form functional 2,2’-

bipyridines has been vastly improved,10 allowing for the synthesis of functional diquats for use 

in the production of supramolecular polymers. 
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V.3 Results and Discussion 

Synthesis of Cryptand V-12: 

We previously reported the synthesis of methyl 3-hydroxy-4-benzyloxybenzoate (V-9) 

from the methyl 3,4-dihydroxybenzoate.5e The coupling of V-9 with tetra(ethylene glycol) 

ditosylate to make dimer V-10 proceeds quickly and in high yield (Scheme V-1). The 

hydrogenolysis of dibenzyl ether V-10 affording the key bisphenol V-11 is complete within four 

hours with quantitative yield. The cyclization of bisphenol V-11 with tetra(ethylene glycol) 

ditosylate is templated well in refluxing acetonitrile by the highly soluble KPF6 and poorly 

soluble K2CO3, affording the desired crown ether diester V-1c in 93% yield by mixing the 

components from the start, i.e., without resorting to pseudo-high dilution. The yield in this 

cyclization is higher than that reported (89%) for the 24-membered analog V-2a;5e however, in 

the latter case the potassium salt was isolated in quantitative yield.  Given the relative 

association constants for potassium ion with dibenzo-24-crown-8 (average 7.6 x 103 M-1)11 and 

dibenzo-30-crown-10 (average 4.3 x 104 M-1)12 in acetonitrile and the fact that the reactions were 

carried out at 44 and 57 mM, respectively, it is not surprising that the yield of V-1c may be 

higher. The overall yield of V-1c from V-9 is 86% and the synthesis was accomplished in less 

than 3 days; Huang et al. reported the preparation of V-1c via tetra(ethylene glycol) dichloride 

with K2CO3 only (no KPF6) over a period of 9.5 days in 44% overall yield.13 The structure of V-

1c was confirmed by 1H NMR and positive ion high resolution fast atom bombardment mass 

spectrometry (FAB-MS).  

The crown ether diester V-1c was converted in high yield to the diol V-1d via reaction 

with lithium aluminum hydride in dry THF. Diol V-1d was reacted with pyridine 2,6-

dicarboxylic acid chloride under pseudo-high dilution conditions, leading to pure cryptand V-12 
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in 44% yield. FAB-MS and 1H NMR of crude V-12 demonstrated the presence of a complex 

with the pyridinium ion; based on this observation, we suggest templation to increase the yield of 

this final step.  
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Scheme V-1. Synthesis of cryptand V-12. a) Ts(OCH2CH2)4OTs, 2 eq. K2CO3, CH3CN, reflux, 

12 h, 93%, b) H2, Pd/C, 99%, c) Ts(OCH2CH2)4OTs, 1 eq. KPF6, 5 eq. K2CO3, CH3CN, reflux, 

12 h, 93%, d) LiAlH4, THF, 94%, e) CH2Cl2/pyridine, pseudo-high dilution, 25 °C, 6 d, 44%. 

 

The 1H NMR spectrum of cryptand V-12 shows that it has the same C2 symmetry as 24-

crown analog V-7;6d the signal for the benzylic methylene hydrogens is a singlet and the two 

nonequivalent ethyleneoxy arms are well-resolved (Figure V-1). V-12 was also analyzed by 

FAB-MS: m/z 727.2874 (error 4.7 ppm) for [V-12]+. 
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Figure V-1. 1H NMR (400 MHz, CDCl3) spectrum of cryptand V-12. 

 

Single crystals of cryptand V-12 were grown by slow evaporation of a 9:1 (v:v) 

chloroform:acetone solution at room temperature. The crystal structure of V-1214 shows that it is 

slightly collapsed, but its cavity is accessible (Figure V-2); the structure shows an absence of 

solvent molecules around or in the cryptand. The catechol rings are offset by about 3.1 Å, 

nonparallel by 19°, and the centeroid-centeroid distance is 5.458 Å. 
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Figure V-2. X-ray crystal structure of V-12 (top and side views).  

 

Complexation of Paraquat Diol (V-3a) by Cryptand V-12: 

The complex V-12·V-3a is yellow due to charge transfer interactions between the 

electron rich benzo rings of the host and the electron deficient pyridinium rings of the guest; the 

host and guest are colorless individually. The strength of complexation was measured by 

isothermal titration calorimetry (ITC); ΔH = -13(±1) kcal/mol and an association constant (Ka) of 

1.0(±0.1) x 105 M-1 were determined in acetone at 22 °C. The 1:1 stoichiometry of the complex 

was also confirmed by FAB-MS: m/z 1118.3832 [V-12·V-3a – PF6]+ (error 1.6 ppm); no other 

stoichiometries were detected. 1D NOE experiments show the through-space interactions of Hα 

and Hβ of the guest (V-3a) with the aromatic and ethyleneoxy protons of the host (V-12) in the 

solution phase.  

The complexation of V-3a with V-12 was also investigated via 1H NMR spectroscopy 

(Figure V-3). The aromatic signals of cryptand V-12 are shifted upfield upon complexation, as 

usually observed in such complexes.4-6 The similarity of the results for 1:1 compared to 1:70 

host:guest stoichiometry shows that binding is strong. With such strong binding (Ka > 104 M-1), 
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the association constant cannot be accurately determined by 1H NMR directly.19 The 

complexation of guest V-3a by host V-12 was also investigated by 1H NMR in DMSO-d6: Ka = 

125 (±25) M-1 which is impressive in this competitive hydrogen bonding, polar solvent.  

Figure V-3. Partial 1H NMR spectra of cryptand V-12 and paraquat diol (V-3a) in acetone-d6 at 

23 °C. (a) 1.00 mM V-12, (b) 1.00 mM V-12 and V-3a, (c) 1.00 mM V-12 and 70.0 mM V-3a, 

(d) 1.00 mM V-3a. 

 

Crystals of V-12·V-3a were grown by vapor diffusion of pentane into an acetone solution 

of the complex at room temperature. The crystal structure (Figure V-4) reveals two distinct 

dimorphs.20 In dimorph I the pyridyl-N is interacting with two Hβs (shown by lines a and b) of 

V-3a, which is threaded through the cavity nearly orthogonal to the pyridyl ring; the 3-position 

arm of V-12 is interacting with one Hα (shown by line c) and one N+CH2 (shown by line d) of V-

3a, and the 4-position ethyleneoxy arm of V-12 is not interacting with V-3a, but is interacting 

with a water molecule which is then strongly interacting with two Hβs of V-3a [similar to the V-

12·V-3b dimorphs described below (Figure V-5)]; we have reported similar findings 
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previously.6a In dimorph II one end of the guest resides in the cavity of the crown ether 

macrocycle of V-12 and the guest lies at an oblique angle with respect to the pyridyl ring; the 

pyridyl-N is interacting with an Hα (shown by line e) and an Hβ (shown by line f) of V-3a; the 

third oxygen of the 3-position arm of host V-12 is interacting with an Hα (shown by line h) and 

N+CH2 (shown by line i), and the 4-position arm interacts with an Hα (shown by line g). 

   

A. 

d 
c b

a

B. 5.3 Å 

 

C. D. 

g 

f
e

h 

i

Figure V-4. X-ray crystal structure of the dimorphs of V-12·V-3a (top (A and C) and side (B 

and D) views). The PF6
- counterions, solvent molecules, and hydrogens of V-12 were omitted. 

Dimorph I (A and B) is not disordered. Both guest V-3a and the 4-position ethyleneoxy arm of 
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V-12 are disordered (disorder in V-3a not shown) in dimorph II (C and D). All PF6
- counterions 

are disordered. C…O(N) distances (Å) and angles (°) for H-bonds: a 3.568, 176.7; b 3.483, 170.3; 

c 3.085, 167.3; d 3.380, 150.4; e 3.231, 139.3; f 3.528, 109.5; g 3.173, 133.2; h 3.782, 134.9; i 

3.104, 169.3. The disordered guest, V-3a, has similar interactions (e, g, h, i) with V-12 of 

dimorph II. In dimorph I, both of the ester sp3-oxygens of host V-12 have weak interactions with 

Hβ of V-3a; the C…O distances vary from 3.172-3.577 Å and the angles vary from 116-128°. The 

catechol rings of dimorphs I & II are stacked and the centroid-centroid distances (Å) are 6.903 

and 6.813, respectively. The distances (Å) between the catechol centroids and the plane of the 

guest molecule are 3.365 & 3.437 for dimorph I and 3.358 & 3.449 for dimorph II. The angles 

(°) between each catechol and the plane of the guest molecule are 4.35 & 7.67 for dimorph I and 

3.69 & 3.71 for dimorph II. The red double-headed arrow in A shows the 4-position ethyleneoxy 

arm of V-12 of dimorph I that is too far away to interact with V-3a directly; this arm is holding a 

water molecule, the red sphere shows the oxygen atom of water [O…O distances (Å) 2.865 and 

2.867;  O…O…O angle 108.9°] which is closely interacting with two Hβs of V-3a [C…O distances 

(Å) and C–H…O angles (°) are: 3.235, 176.6 and 3.263, 175.6]. 

 

Complexation of Dimethyl Paraquat (V-3b) with Cryptand V-12:  

 The complex V-12·V-3b is yellow due to charge transfer interactions between the 

electron rich benzo rings of the host and the electron poor pyridinium rings of the guest. The 

strength of complexation was measured by ITC; ΔH = -14(±1) kcal/mol and Ka of 2.0(±0.2) x 

105 M-1 were determined in acetone at 22 °C. The 1:1 stoichiometry of the complex was 

confirmed by FAB-MS: m/z 1058.3671[V-12·V-3b – PF6]+ (error 3.0 ppm); no other 

stoichiometries were detected. 1D NOE experiments show the through-space interactions of Hα 
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and Hβ of the guest with the aromatic and ethyleneoxy protons of host V-12 in the solution 

phase.  

 Crystals of V-12·V-3b were grown by vapor diffusion of pentane into an acetone solution 

of the complex at room temperature. The crystal structure (Figure V-5) shows that the complex 

exists as two dimorphs in the solid state.22 However, unlike the situation with V-12·V-3a the 

dimorphs have only subtle differences in the cryptand’s ethyleneoxy arms. The pyridyl-N 

interacts with two Hβ of dimethyl paraquat (shown by lines a, b, e and f) and the 3-position arm 

of V-12 interacts with one Hα (shown by lines c and g) and one of the methyl protons (shown by 

lines d and h) of V-3b in both dimorphs. The solid phase structure shows that the 4-position 

ethyleneoxy arm of cryptand V-12 does not interact with guest V-3b in either dimorph which is 

the same as in the complex V-12·V-3a (Figure V-4). We believe this is the reason the 

association constant values of dibenzo-30-crown-8-derived cryptand V-12 with these paraquat 

species are less than the one from our previously reported highly associating, analogous bis(m-

phenylene)-32-crown-10-based cryptand V-8 (Ka = 5 x 106 M-1);6b the ortho-linkage in V-12 

does not allow both ethyleneoxy arms to interact with the guest, while the meta-orientation of the 

ethyleneoxy units in the latter does allow such interaction. 
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Figure V-5. X-ray crystal structure of the dimorphs of V-12· V-3b (top (A and C) and side (B 

and D) views). The PF6
- counterions, solvent molecules, and hydrogens of V-12 were omitted. 

Five atoms of the 3-position ethyleneoxy arm of V-12 of dimorph I (A and B) are disordered; 

only one atom of the 3-position ethyleneoxy arm of V-12 of dimorph II (C and D) is disordered. 

All PF6
- counterions are disordered. C…O(N) distances (Å) and angle (°) for H-bonds: a 3.627, 

173.0; b 3.561, 170.2; c 3.082, 165.6; d 3.581, 154.6; e 3.338, 168.0; f 3.609, 165.6; g 3.169, 

166.2; h 3.319, 141.2. In both dimorphs, both of the ester sp3-oxygens of host V-12 have weak 

interactions with Hβ of guest V-3b; the C…O distances vary from 3.078-3.612 Å and angles vary 

from 111-134°. The catechol rings of I & II are stacked and the centroid-centroid distances (Å) 

are 6.932 and 6.829, respectively. The distances (Å) between the catechol centroids and the 
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plane of the guest molecule are 3.384 & 3.515 for dimorph I and 3.380 & 3.520 for dimorph II. 

The angles (°) between the catechol rings and the plane of the guest molecule are 3.83 & 5.92 for 

dimorph I and 4.13 & 6.05 for dimorph II. The red double-headed arrow in A & C shows the 4-

position ethyleneoxy arm of cryptand V-12 of both dimorphs that is too far away to directly 

interact with V-3b; this arm is holding a water molecule. The red spheres show the oxygen atom 

of the water [dimorph I: O…O distances (Å) 2.891 and 2.923;  O…O…O angle 110.9°; dimorph II: 

O…O distances (Å) 2.838 and 2.860;  O…O…O angle 105.9°] which is closely interacting with 

two Hβs of V-3b [dimorph I: C…O distances (Å) and C–H…O angles (°): 3.306, 173.1 and 3.416, 

178.6; dimorph II: C…O distances (Å) and C–H…O angles (°): 3.286, 168.5 and 3.186, 174.8]. 

 

Complexation of Diquat (V-4) with Cryptand V-12: 

 This system was examined on the basis that the broader diquat molecule might engage 

both ethyleneoxy arms of cryptand V-12, affording “tighter binding” than with the narrower 

paraquats (V-3). The complex V-12·V-4 is orange-red due to charge transfer interactions 

between the electron rich benzo rings of the host and the electron deficient pyridinium rings of 

the guest. The strength of complexation was measured by ITC; ΔH = -14(±1) kcal/mol and Ka = 

1.9(±0.6) x 106 M-1 were determined in acetone at 25 °C. This is the highest association constant 

ever reported for guest V-4; previously we reported that the bis(m-phenylene)-32-crown-10-

based cryptand V-8 binds diquat (V-4) with Ka = 3.3 x105 M-1 (acetone, 22 °C) measured by a 

competitive NMR method.6e With regard to our overall aim of constructing supramolecular 

polymers this is a significant improvement; for example, in a system comprised of 

complementary homoditopic monomers at 10 mM concentration, the dihost with individual Ka = 

3.3 x105 M-1 would produce oligomeric material containing on average only 57 repeat units (n), 
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while the new cryptand-based dihost would lead to a true polymeric species with n = 1.4 x 102 

repeat units (calculated from n = {Ka[conc]}1/2).7e,8 Moreover, the development of a facile 

synthesis of precursor V-1c for V-12 also represents a significant advance versus the tedious 

preparation of precursor V-5a for V-8. The 1:1 stoichiometry of the V-12·V-4 complex was 

confirmed by FAB-MS: m/z 1056.3531 [V-12·V-4 – PF6]+ (error 4.6 ppm); no other 

stoichiometry was detected. 1D NOE experiments show the through-space interactions of the 

guest’s ethylene protons with the ethyleneoxy protons of host V-12 in the solution phase. 

 Crystals of V-12·V-4 were grown by vapor diffusion of pentane into an acetone solution 

of the complex at room temperature. The crystal structure23 shows all four ethylene protons of 

guest V-4 have bifurcated H-bond interactions (shown by lines c/d, e/f, g/h, i/j in Figure V-6), 

engaging both of the ethyleneoxy arms of cryptand V-12, as anticipated.  H6 of guest V-4 is also 

interacting with an ethyleneoxy arm of host V-12 (shown by line k). The pyridyl nitrogen of host 

V-12 interacts with H5 (shown by line b) and H6 (shown by line a) of guest V-4. The other 6-, 5-, 

and both of the 4-position protons of guest V-4 are not bound to host V-12 in the solid state.  
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Figure V-6. The X-ray crystal structure of V-12·V-4. The PF6
- counterions and hydrogens of V-

12 were omitted. The PF6
- counterions are disordered. C-H…O(N) distances (Å) and angles (°) 

for H-bonds: a 3.712, 125.3; b 3.668, 128.81; c 3.240, 166.8; d 3.288, 112.9; e 3.314, 152.7; f 

3.461, 121.4; g 3.355, 152.3; h 3.175, 129.1; i 3.289, 129.4; j 3.094, 135.2; k 3.257, 147.3. Both 

of the ester sp3-oxygen atoms of host V-12 have weak interactions with H6 of V-4; the C…O 

distances (Å) and angles (°) are 3.510, 98.0 and 3.358, 105.0. The catechol rings of V-12 are 

stacked and the centroid-centroid distance is 7.019 Å. The distances (Å) between the catechol 

centroids and the plane of the guest molecule are 3.442 & 3.501. The angles (°) between the 

catechol rings and the plane of the guest molecule are 5.05 & 11.53. 
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Complexation of V-3b with V-8: 

The complex of dimethyl paraquat (V-3b) and bis(m-phenylene)-32-crown-10-derived 

cryptand V-8 was previously described via its X-ray crystal structure and the association 

constant was estimated via 1H NMR-based competitive complexation to be 5.0 x 106 M-1 (22 °C, 

acetone-d6).6b In order to standardize our methods we retested this system using ITC and found 

Ka = 1.6(±0.6) x 106 M-1 and ΔH = 15(±1) kcal/mol (acetone, 25 °C). 

 

V.4 Conclusions 

In conclusion, a high yielding, regiospecific synthesis of cis(4,4’)-dicarbomethoxy-

dibenzo-30-crown-10 (V-1c) was reported. The diester crown ether was converted via the diol 

V-1d to the pyridyl cryptand V-12, which binds paraquats (V-3) well (Ka ≥ 105 M-1) and diquat 

(V-4) better than any other host reported to date (Ka = 1.9 x 106 M-1) in acetone. The 

complexation of dibenzo-30-crown-10-based cryptand V-12 with diquat V-4 is at least as strong 

as bis(m-phenylene)-32-crown-10-derived cryptand V-8 with paraquat V-3b, but the synthesis of 

the 30-crown presursor V-1c is much less time consuming and higher yielding than synthesis of 

the 32-crown precursor V-5a. The 1:1 nature of the complexes of new cryptand V-12 with 

paraquats and diquats (V-3 and V-4) was confirmed by MS, ITC fittings, CPK modeling, and 

solid state structures. As other groups have improved the synthesis of functional 2,2’-

bipyridines, the synthesis of derivatives of diquat V-4 will lead to supramolecular polymers 

based on their molecular recognition by appropriate derivatives of host V-12. We have also 

explored the synthesis of cryptands based on the derivatives of the regioisomers of 

dicarbomethoxy-dibenzo-27-crown-9 as potentially improved hosts for paraquat guests (see 
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Chapter VI). With synthetically available hosts with high association constants with paraquats 

and diquats in hand we will be able to produce true supramolecular polymers (DP ≥100). 

 

V.5 Experimental Section 

Synthesis of tetra(ethylene glycol) bis(2-benzyloxy-5-carbomethoxyphenyl) ether (V-10). A 

solution of phenol V-95e (22.49 g, 87.07 mmol), K2CO3 (24.80 g, 179.3 mmol) and tetra(ethylene 

glycol) ditosylate24 (22.01 g, 43.79 mmol) in CH3CN (400 mL) was stirred at reflux for 12 h. 

The solids were filtered and solvent was removed in vacuo; the residue was partitioned between 

water and ethyl acetate. The water layer was extracted with ethyl acetate (3x). The combined 

ethyl acetate solution was washed with water and saturated NaCl solution, and dried over 

anhydrous Na2SO4. After concentration in vacuo, the material was purified via column 

chromatography (silica/1:1 ethyl acetate:hexanes). A white solid was obtained, 27.34 g (93%), 

mp 68.7-69.3 °C. 1H NMR (CDCl3, 400 MHz) δ 7.62 (dd, 4JHH = 2 Hz, 3JHH = 8 Hz, 2H), 7.57 

(d, 4JHH = 2 Hz, 2H), 7.35 (m, 10H), 6.90 (d, 3JHH = 8 Hz, 2H), 5.17 (s, 4H), 4.21 (t, 3JHH = 5 Hz, 

4H), 3.87 (m, 10H), 3.72 (m, 4H), 3.61 (m, 4H). LR FAB MS (NBA) of V-10: m/z 558, 45% [V-

10 – 2 COOCH3]+; 559, 13% [V-10 – 2 COOCH3 + 1]+; 560, 2% [V-10 – 2 COOCH3 + 2]+; 584, 

40% [V-10 – C6H5CH2]+; 585, 19% [V-10 + H – C6H5CH2]+; 586, 6% [V-10 + H - C6H5CH2 + 

1]+; 589, 26% [V-10 + Li – C6H5CH3]+; 590, 9% [V-10 + Li - C6H5CH3 + 1]+; 611, 9% [V-10 – 

OCH3 – CH3OH]+; 612.2, 55% [V-10 + H – OCH3 – CH3OH]+; 613, 21% [V-10 + H – OCH3 – 

CH3OH + 1]+; 614, 6% [V-10 + H – OCH3 – CH3OH + 2]+; 643.2, 15% [V-10 – OCH3]+;  644.2, 

100% [V-10 + H – OCH3]+; 645, 36% [V-10 + H – OCH3 + 1]+; 646, 8% [V-10 + H – OCH3 + 

2]+; 674.3, 5% [V-10]+; 675.3, 40% [V-10 + H]+; 676, 23% [V-10 + H + 1]+; 677, 8% [V-10 + H 
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+ 2]+. HR FAB MS (NBA/PEG): m/z 674.2712 [V-10]+, calc. for C38H42O11 674.2727, error 2.3 

ppm. 

Synthesis of tetra(ethylene glycol)  bis(2-hydroxy-5-carbomethoxyphenyl) ether (V-11). To 

a solution of dibenzyl ether V-10 (13.50 g, 20.00 mmol) in CH2Cl2 (100 mL) was added 10% 

Pd/C (0.20 g). The suspension was shaken under H2 atmosphere (50 psi) at rt. After 12 h, TLC 

showed complete conversion to product. The catalyst was removed by filtration. The filtrate was 

concentrated to give a white solid, 9.81 g (99%), mp 60.8-62.3 °C; 1H NMR (CDCl3, 400 MHz) 

δ 8.24 (br s, 2H), 7.62 (dd, 4JHH = 2 Hz, 3JHH = 8 Hz, 2H), 7.53 (d, 4JHH = 2 Hz, 2H), 6.90 (d, 

3JHH = 8 Hz, 2H), 4.30 (m, 4H), 3.86 (m, 10H), 3.70 (m, 8H). LR FAB MS (NBA) of V-11: m/z 

463, 11% [V-11 – OCH3]+; 464, 100% [V-11 + H – OCH3]+; 465, 25% [V-11 + H – OCH3 + 1]+; 

466, 5% [V-11 + H – OCH3 + 2]+; 468, 33% [V-11 + H + Na – H2O – CH3OH]+; 469, 10% [V-

11 + H + Na– H2O – CH3OH + 1]+; 470, 4% [V-11 + H + Na– H2O – CH3OH + 2]+; 495, 20% 

[V-11 + H]+; 496, 33% [V-11 + H + 1]+; 497, 10% [V-11 + H + 2]+; 499, 10% [V-11 + Na – 

H2O]+; 500, 12% [V-11 + Na – H2O + 1]+; 501, 4% [V-11 + Na – H2O + 2]+;  518, 4% [V-11 + 

H + Na]+. HR FAB MS (NBA/PEG): m/z 494.1748 [V-11]+, calc. for C24H30O11 494.1788, error 

8.1 ppm. 

Synthesis of cis(4,4’)-di(carbomethoxy)-dibenzo-30-crown-10 (V-1c). Bisphenol V-11 (16.80 

g, 33.97 mmol) and tetra(ethylene glycol) ditosylate (17.07 g, 33.96 mmol) were dissolved in 

CH3CN (600 ml). KPF6 (6.75 g, 36.6 mmol) and K2CO3 (23.80 g, 172.1 mmol) were added to 

the solution. The refluxing mixture was stirred under N2 for 16 h. After cooling, the mixture was 

filtered and the solvent was evaporated. The material was partitioned between chloroform and 

water; the organic phase was washed with water, NaCl (sat. aq.), dried with sodium sulfate, 

filtered, and the solvent was removed. Column chromatography (neutral alumina, 1/1 v/v 

CHCl3/hexanes) yielded a white solid (20.61 g, 93%), mp 110.8-111.4 °C. We believe the 
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melting point Huang et al.13 report for V-1c (149-150°C) is likely that of the potassium salt 

complex with V-1c. 1H NMR (CDCl3, 400 MHz) δ: 7.63 (dd, 3JHH = 8 Hz, 4JHH = 2 Hz, 2H), 

7.52 (d, 4JHH = 2 Hz,  2H), 6.85 (d, 3JHH = 8 Hz, 2H), 4.18 (m, 8H), 3.88 (m, 14H), 3.78 (m, 8 H), 

3.69 (m, 8H). LR FAB MS (NBA/PEG) of crude V-1c: m/z 691.7, 100% [V-1c + K]+; 692.7, 

35% [V-1c + K + 1]+; 693.7, 17% [V-1c + K + 2]+; 694.7, 4% [V-1c + K+ 3]+. HR FAB MS of 

crude V-1c (NBA/PEG): m/z 691.2352 [V-1c + K]+, calc. for C32H44O14K 691.2368, error 2.3 

ppm. LR FAB MS (NBA) of V-1c: m/z 622, 100% [V-1c + H – OCH3]+; 623, 34% [V-1c + H – 

OCH3 + 1]+; 624, 13% [V-1c + H – OCH3 + 2]+; 653, 55% [V-1c]+; 654, 68% [V-1c + H]+; 655, 

21% [V-1c + H + 1]+; 672, 81% [V-1c + H + H2O]+; 673, 28% [V-1c + H + H2O + 1]+. HR FAB 

MS (NBA/PEG): m/z 652.2701 [V-1c]+, calc. for C32H44O14 652.2731, error 4.6 ppm. 

Synthesis of cis(4,4’)-bis(hydroxymethyl)dibenzo-30-crown-10 (V-1d). Diester V-1c (4.00 g, 

6.12 mmol) was dissolved in THF (200 mL, distilled from Na). LiAlH4 (0.46 g, 12 mmol) was 

slowly added over 1 h. The mixture was stirred for an additional 12 h and then worked up using 

the Fieser and Fieser method.25 V-1d was isolated as a white solid (3.43 g, 94%), mp 89.7-92.0 

°C (lit. mp 91-94 °C4a). 1H NMR (CDCl3, 400 MHz) δ: 6.92 (s, 2H), 6.85 (m, 4H), 4.57 (s, 4H), 

4.13 (m, 8H), 3.87 (m, 8H), 3.67 (m, 16H). LR FAB MS (NBA) of V-1d: m/z 580.24, 94% [V-

1d + H - OH]+; 581.2, 14% [V-1d + H  – OH + 1]+; 597.3, 100% [V-1d + H]+; 598.3, 13% [V-1d 

+ H + 1]+; 620, 31% [V-1d + Na]+; 621, 10% [V-1d + Na + 1]+. HR FAB MS (NBA/PEG): m/z 

596.2848 [V-1d]+, calc. for C30H44O12 596.2833, error 2.5 ppm. 

Synthesis of cryptand V-12. To a solution of pyridine (2.0 mL) in CH2Cl2 (2.5 L) were added 

crown ether diol V-1d (3.47 g, 5.82 mmol) in CHCl3 (40 mL) and pyridine-2,6-dicarbonyl 

chloride (1.18 g, 5.78 mmol) in CHCl3 (40 mL) simultaneously with two separate syringes via a 

syringe pump at 0.50 mL/h. After addition, the reaction mixture was stirred at rt 5 days. The 

solvent was evaporated. The crude product was redissolved in CHCl3 and washed with 10% 
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H2SO4, water, dried with Na2SO4, filtered, and concentrated via rotary evaporation. The residue 

was subjected to neutral alumina column chromatography, eluting with 1% MeOH in CHCl3. V-

12 was isolated as a white solid (1.86 g, 44%), mp 160.9-162.7 °C; 1H NMR (CDCl3, 400 MHz): 

δ 8.34 (d, 3JHH = 8.0 Hz, 2 H), 8.03 (t, 3JHH = 8.0 Hz, 1H), 6.95 (m, 4H), 6.78 (d, 3JHH = 8.8 Hz, 

2H), 5.34 (s, 4H), 4.17 (m, 4H), 4.01 (m, 4H), 3.93 (m, 4H), 3.81 (m, 4H), 3.75 (m, 4H), 3.70 (m, 

8H), and 3.64 (m, 4H). LR FAB MS (NBA) of crude V-12 (before chromatography): m/z 561, 

16% [V-1d – H2O – OH or V-12 – C7H5NO4]+; 562, 63% [V-1d + H – H2O – OH or V-12 + H - 

C7H5NO4]+; 563, 35% [V-1d + H – H2O – OH + 1 or V-12 + H – C7H5NO4+ 1]+; 564, 12% [V-

1d + H – H2O – OH + 2 or V-12 + H - C7H5NO4 + 2]+; 728, 65% [V-12]+; 729, 100% [V-12 + 

H]+; 730, 47% [V-12 + H + 1]+; 731, 14% [V-12 + H + 2]+; 808, 93% [V-12 + C5H5NH]+; 809, 

42% [V-12 + C5H5NH + 1]+; 810, 16% [V-12 + C5H5NH + 2]+; LR FAB MS (NBA) of purified 

V-12: m/z 728, 73% [V-12]+; 729, 100% [V-12 + H]+; 730, 40% [V-12 + H + 1]+; 731, 13% [V-

12 + H + 2]+; HR FAB MS (NBA/PEG): m/z 727.2874 [V-12]+, calc. for C37H45NO14 727.2840, 

error 4.7 ppm. 

FAB MS determination of the complex V-12·V-3a. HR FAB MS (NBA/PEG): m/z 1118.3832 

[V-12·V-3a – PF6]+, calc. for C37H45NO14•C14H18O2N2PF6, 1118.3850, error 1.6 ppm. 

FAB MS determination of the complex V-12·V-3b. HR FAB MS (NBA/PEG): m/z 1058.3671 

[V-12·V-3b – PF6]+, calc. for C37H45NO14•C12H14N2PF6, 1058.3639, error 3.0 ppm. 

FAB MS determination of the complex V-12·V-4. HR FAB MS (NBA/PEG): m/z 1056.3531 

[V-12·V-4 – PF6]+, calc. for C37H45NO14•C12H12N2PF6, 1056.3482, error 4.6 ppm. 

Example of ITC Titration Method. Stock solutions of V-12 (0.53 mM, 10 mL) and the titrant 

V-3a (13.8 mM, 5 mL) in acetone were prepared using volumetric glassware.  All titrations were 

run at 22°C.  The high gain (high sensitivity) system was used, and the reference offset was set at 

50% of the maximum.  During each titration, 33 injections of 3.3 µL were made.  Injections were 
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made every 180 s with a primary filter period of 2 s, and a secondary filter period of 4 s.  The 

switch time for the filter periods was at 120 sec.  After the titration isotherm was recorded, the 

raw data were reduced using commercial software and the supplied algorithms from the 

manufacturer.  A control titration was also completed so that the heat of dilution from the titrant 

could be subtracted from the original titration isotherm.  The parameters for the control titration 

were the same as those used in the original titration with the exception that the cell solution was 

replaced with pure acetone.  The control isotherm was integrated using the same method as the 

original titration and the energy values obtained were subtracted from the integrated point plot of 

the original titration.  The integration data from the titrations were fit using the ‘One Set of Sites’ 

model; other stoichiometries yielded unsatisfactory fits of the data. 
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Both disordered PF6

– were refined anisotropically. The relative occupancies of the P4 
containing PF6

– refined to 0.46(2) and 0.54(2). The P3 containing PF6
– is disordered near 

an inversion center such that PF6
– cannot be in both positions at once, so the occupancies 

were constrained to 0.50. The disorder in the guest molecule is coupled to the disorder in 
this PF6

– and the occupancies of the guest were also constrained to 0.50. This guest 
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one crystallographically independent [C37H45NO14•C12H12N2][PF6]2. The final refinement 
model involved anisotropic displacement parameters for all non-hydrogen atoms except the 
fluorine atoms of the PF6

 anions. A riding model was used for all hydrogen atoms. Residual 
electron density maps suggested substantial disorder of the PF6 anions and disorder in the 
host molecule. One PF6 anion was modeled with 3-position disorder with relative 
occupancies that refined to 0.516(4), 0.296(8), and 0.188(8). The second PF6 anion was 
modeled with 2-position disorder with occupancies that refined to 0.500(5). Both anions 
were restrained to be octahedral using the SADI command in SHELXL-97.  Although the 
displacement ellipsoids of the host molecule suggest additional disorder, discrete disorder 
sites in the host could not be found and attempts to model this disorder were abandoned. 
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Chapter VI 

 

 

Regioselective Syntheses of Both Isomers of cDB27C9 diester and Binding Abilities of Their 

Pyridyl Cryptands 

VI.1 Introduction 

 The synthesis of the cDB30C10 diol is high yielding and its pyridyl-30-cryptand (VI-1) 

derivative exhibits strong binding of paraquat [PQ(PF6)2] and paraquat diol (PQ diol(PF6)2) (Ka 

= 1 – 2 x 105 M-1) and even stronger binding of diquat [DQ(PF6)2] (Ka = 1.9 x 106 M-1).1 We 

propose that VI-1 is not higher binding with PQ because the arm para to the pyridyl arm is too 

long to interact directly with the guest and is forced to hold a water molecule to achieve contact. 

Because PQ-based systems are much more easily functionalized (allowing for simpler 

incorporation into the desired polymeric supramolecular assemblies), a high yielding crown ether 

synthesis and conversion to a cryptand derivative with a high binding constant for paraquat is 

advantageous. Using Corey, Pauling, and Kellog (CPK) space filling models we found that 

shortening this para arm, using tri(ethylene glycol) instead of tetra(ethylene glycol), brings the 

arm closer and may allow direct interaction with the paraquat species (pyridyl-27S cryptand, VI-

2).  

 CPK modeling indicates that DQ is too broad to fit into the cavity of VI-2. We also 

explored the interaction that results from shortening the meta arm (pyridyl-27L cryptand, VI-3); 
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VI-3 holds the meta arm in a highly locked state and the para arm in a highly extended state and 

affords loose fitting with both guests. Presumably, VI-2 should be a better host for PQ and 

potentially be unable to bind DQ and VI-3 should be worse than VI-1 or VI-2.  The ‘S’ and ‘L’ 

designations signify the length of the para arm [S is tri(ethyleneoxy) and L is tetra(ethyleneoxy)] 

of the two regioisomers of cDB27C9. 
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VI.2 Results and Discussion 

 Synthesis of VI-2 (Scheme VI-1): The diphenol VI-4 was synthesized previously;1 it was 

cyclized with tri(ethylene glycol) ditosylate in the presence of KPF6 and 5 equivalents K2CO3 in 

refluxing acetonitrile for 48 h, affording the crown ether VI-5 in 59% yield. This cyclization is 

unoptimized; higher yields may be possible with sodium salts or with longer reaction times. It is 

believed that because the diphenol VI-4 is significantly longer than the tri(ethylene glycol) 

ditosylate that the proper SN2 attack angle is achieved less readily, thereby reducing the rate 
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(yield) of cyclization reaction vs. formation of linear oligomers. The cyclization of cDB24C8 

and cDB30C10 analogs is nearly quantitative in a few hours under these conditions. 

 The crown ether diester VI-5 was converted in high yield (86%) to the diol VI-6 via 

reduction with lithium aluminum hydride in dry THF. The diol VI-6 was reacted with pyridine 

2,6-dicarboxylic acid dichloride under pseudo-high dilution conditions, leading to the pyridyl-

27S cryptand (VI-2) in 36% yield. VI-5, VI-6, and VI-2 were characterized and the structures 

were confirmed by 1H NMR (Figure VI-1) and FAB-MS. 

 

Scheme VI-1. Synthesis of pyridyl-27S cryptand (VI-2). a) Ts(OCH2CH2)3OTs, KPF6, 2 equiv 

K2CO3, CH3CN, reflux, 48 h, 59%. b) LiAlH4, THF, 88%. c) CH2Cl2/pyridine, pseudo-high 

dilution, rt, 7 d, 36%.  
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Figure VI-1. 1H NMR spectrum of cryptand VI-2 (CDCl3, 400 MHz).  

Ethyleneoxy 
region 

 

The complexes of VI-2 with PQ, PQ diol, and DQ all show charge transfer interactions; 

yellow or orange solutions are produced by the colorless entities. The complexation has been 

explored by ITC and ESI-MS. The ITC data are summarized in Table VI-1. All of the ITC 

stoichiometric values were very close to unity (Figure VI-2). VI-2 is a two-fold better host in 

terms of Ka for PQ species than VI-1 and strongly interacts with DQ (conflicting with 

conclusions from CPK models). DQ binding by VI-2 is reduced over an order of magnitude 

compared to VI-1, but this would still be considered a very high binding system. ESI-MS of the 

complex shows only 1:1 stoichiometry for VI-2 with PQ, but for PQ diol and DQ there is also 

very small peaks corresponding to the 2:1 (host : guest). The sensitivity of the ESI-MS requires 

the samples be highly dilute; since complexation is concentration dependent, these higher order 

complexes may be significant under more normal conditions. 
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Table VI-1. ITC data for guest binding by VI-2 in acetone at 25 °C. 

Guest ΔH (kcal/mol) Ka (M-1) 

PQ(PF6)2 -14.6 (±0.1) 2.40(±0.2) x 105 

PQ diol(PF6)2 -13.4(±0.1) 6.7(±0.3) x 104 

DQ(PF6)2 -14.0(±0.8) 1.4(±0.1) x 105 
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Figure VI-2. ITC curves for adding acetone solutions of a) PQ(PF6)2 (14.1 mM), b) PQ 

diol(PF6)2 (14.3 mM), and c) DQ(PF6)2 (13.8mM) to acetone solutions of VI-2 (0.942 mM, 

0.942mM, and 0.550 mM, respectively) at 25 °C. 

a  b

c 
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Single crystals of VI-2·DQ(PF6)2 were grown by vapor diffusion of pentane into an 

acetone solution. The crystal structure conflicts with the previous modeling experiments; DQ 

does thread the cryptand’s cavity (Figure VI-3), although the ITC experiments show that the 

association constant for this interaction is decreased by an order of magnitude compared to VI-

1·DQ(PF6)2. In fact, the guest sits further into the crown ether cleft, thereby increasing the 

distance between the pyridyl-N and both H6 of DQ as compared to VI-1·DQ(PF6)2 (the C6
…N 

distances are 4.00 and 3.31Å respectively for VI-2 and VI-1). Potentially, shortening the pyridyl 

arm could further improve binding strength. 

 

Figure VI-3. The crystal structure of VI-2·DQ(PF6)2. The hydrogen atoms of VI-2 and PF6
-

counter anions (disordered) were omitted for clarity. C-H…O (N) distances (Å) and angles (°) for 

H-bonds: a 4.00, 160.2; b 4.39, 173.9;  c 3.27, 1.54.5; d 3.46, 113.6; e 3.28, 131.8; f 3.17, 147.7; g 

3.24, 151.9; h 3.26, 110.8;i 3.76, 142.9; j 3.25 121.7; k 3.27, 164.8. The ester sp3-oxygen atoms 
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also have 3 additional weak H-bond interactions with H6 hydrogens of DQ. 

 Attempts have been made to produce X-ray quality crystals of VI-2 with both PQ guests, 

but have failed. It is informative to look at the crystal structure that was obtained with DQ. The 

para arm is pulled in, but there is not a hydrogen bond acceptor in the middle of the arm (this 

would be the optimal position to bind the planar PQ species).  

 Synthesis of VI-3 (Scheme VI-2): The synthesis of the diphenol VI-7 was reported 

previously;2 it was cyclized with tetra(ethylene glycol) ditosylate in the presence of KPF6 and 5 

equiv of  K2CO3 in refluxing acetonitrile for 72 h, affording the crown ether VI-5 in 44% yield. 

This cyclization is unoptimized; higher yields may be possible with sodium salts or with longer 

reaction times. It is believed that because the diphenol is significantly shorter than the 

tetra(ethylene glycol) and a proper SN2 attack angle is less probable, thereby reducing the yield 

of the cyclization reaction vs. linear oligomerization.  

 The crown ether diester VI-8 was converted in high yield (97%) to the diol VI-9 via 

reaction with lithium aluminum hydride in dry THF. The diol VI-9 was reacted with pyridine 

2,6-dicarboxylic acid dichloride under pseudo-high dilution conditions, leading to the pyridyl-

27L cryptand (VI-3) in 65% yield. VI-8, VI-9, and VI-3 were characterized and their structures 

were confirmed by 1H NMR spectroscopy (Figure VI-4) and ESI-MS. The 1H NMR spectrum of 

VI-3 shows the same C2 symmetry as the cDB24C8,2 cDB27C9short, and cDB30C101 analogs; 

the signal for the benzylic methylene hydrogens is a singlet and the two nonequivalent 

ethyleneoxy arms are well-resolved.   
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would result in the pyridyl-t27 cryptand (VI-12, Scheme VI-3). The diphenol VI-4 was quite 

pure and does not show this side product. However VI-7 apparently did contain some VI-10a 

and there was some VI-12 produced (the outcome of which is discussed below); this inseparable 

side product was not seen by NMR and it is believed to have existed to the extent of <2%. In 

cryptands based on equal length ethyleneoxy armed crown ethers (cDB24C8 and cDB30C10), 

the arms of the cis isomer are nonequivalent and show distinct signals in the NMR, whereas the 

trans isomer’s ethyleneoxy arms are equivalent and therefore exhibit one set of signals. 

However, spectra of the cryptands of crown ethers with different length arms (cDB27C9S and 

cDB27C9L) are more complex and it is not possible to discern the trans isomer impurity. CPK 

modeling of the pyridyl-t27 cryptand (VI-12) indicates that it is a smaller, more symmetric host 

that could be quite good at binding PQ species. However, synthesis of this species would require 

either using Gibson’s low yielding tDB24C82 or Huang’s challenging tDB30C10 synthetic 

method.3  
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Scheme VI-2. Synthesis of pyridyl-27L cryptand (VI-3). a) Ts(OCH2CH2)4OTs, KPF6, 2 equiv 

K2CO3, CH3CN, reflux, 72 h, 44%. b) LiAlH4, THF, 97%. c) CH2Cl2/pyridine, pseudo-high 

dilution, rt, 7 d, 38%. 

 

Scheme VI-3. Synthesis of the impurity pyridyl-t27 cryptand (VI-12). a) Ts(OCH2CH2)4OTs, 

KPF6, 2 equiv K2CO3, CH3CN, reflux, 48 h. b) Ts(OCH2CH2)3OTs, KPF6, 2 equiv K2CO3, 

CH3CN, reflux/48h. c) LiAlH4, THF. d) CH2Cl2/pyridine, pseudo-high dilution, rt, 7 d. 

 

94 

 



Chapter VI            A. M.-P. Pederson, Ph.D. Dissertation 

 1
.9

4

 1
.1

2

 2
.1

5
 2

.1
4

 2
.0

0  4
.0

7

 5
.0

5
 3

.8
0

 4
.4

7
 5

.0
3

15
.4

5

8 7 6 5 4 PPM

Figure VI-4. 1H NMR spectrum of cryptand VI-3 (CDCl3, 400 MHz).  

Ethyleneoxy 
region 

 

The complexes of VI-3 with PQ, PQ diol, and DQ all show charge transfer interactions; 

yellow or orange solutions are produced by the colorless entities. The complexations were 

examined by ITC (Figure VI-5) and are summarized in Table VI-1. The guests were titrated into 

an acetone solution of the host VI-3 so that minimal amounts of host are used in any one run. 

This experimental method forces a large correction for the heat of dilution of the salt guests. For 

this host, the experimental method was also run with the roles reversed; host was titrated into a 

guest solution. In the titration of host into guest experiments, similar stoichiometric imbalances 

were seen, but the calculated values for Ka are an order of magnitude, or more, higher (Ka = 3.3 – 

4.3 x 105 M-1). The values of Ka from these experiments are probably incorrect; however, it is 

likely that the host-into-guest experiment is more accurate as the heat of dilution correction is 

minimal for the host. In order to achieve strong levels of signal to noise the complexation 

measurements need to be run with the cell species being 0.1 to 2.0 mM for higher and lower 

values of Ka respectively. If ion pairing is affecting the levels of complexation, experiments at 

different concentrations would show different Ka values. The ITC fittings can be set to 1:1 
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stoichiometry (n) if desired, but typically it is allowed to adjust for better fitting of the data; n 

defined as: moles titrant x/moles of y in the cell where x and y are either host or guest. Normally 

this is not a problem and the n values are close to unity; calculations with host VI-3 yield 

stoichiometries that are always far away from unity (showing too little host). Some of this 

imbalance could be due to effects from the impurity VI-12, but more likely as VI-3 is ill fitting 

there is some 2:1 H:G nature in the interactions. From comparison of equivalent methods of 

testing, VI-3 does not bind any of the guests as well as VI-1 or VI-2, as was expected from CPK 

modeling. The complexes with VI-3 were also analyzed by ESI-MS; all spectra show both the 

1:1 and 2:1 (host:guest) stoichiometry. 

 

Table VI-2. ITC data for guest binding by VI-3 in acetone at 25°C. 

Guest n ΔH (kcal/mol) Ka (M-1) 

PQ(PF6)2 ~ 0.79 -14.9(±0.1) 1.8(±0.2)x 105 

PQ diol(PF6)2 ~ 0.77 -15.1(±0.1) 5.8(±0.4)x 104 

DQ(PF6)2 ~ 0.80 -15.7(±0.2) 7.6(±1.0)x 104 
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Figure VI-5. ITC curves for adding acetone solutions of a) PQ(PF6)2 (14.1 mM) b) PQ 

diol(PF6)2 (14.3 mM) and c) DQ(PF6)2 (13.9 mM) to acetone solutions of VI-3 (1.16 mM) at 

25°C. 
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An X-ray quality, single crystal was produced by vapor diffusion of hexane into an 

acetone solution of pyridyl-27L cryptand (actually ~98% VI-3: ~2% VI-12) with PQ(PF6)2. The 

resulting crystal structure was in fact the complex of VI-12·PQ(PF6)2 by selective crystallization 

(Figure VI-6).  

 

Figure VI-6. The 1:1 crystal structure of VI-12·PQ(PF6)2. The hydrogen atoms of VI-12, 

solvent molecules, and PF6
- counter anions (disordered) were omitted for clarity. C-H…O (N) 

distances (Å) and angles (°) for H-bonds: a 4.81, 159.0; b 3.68, 139.0; c 3.21, 116.5; d 3.31, 

148.6; e 2.97, 102.8; f 4.26 176.4; g 3.84, 144.8. The interaction a is too far away to be 

considered a hydrogen bond, but at room temperature and in solution there would be both 

interactions a and b with the pyridyl-N atom.  
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 A crystal of 1:1 VI-3·DQ(PF6)2 was isolated and analyzed by X-ray crystallography. The 

host is VI-3, not VI-12, but the result is so disordered that the structure has not been completely 

solved. CPK models show that the cavity of VI-12 is far too small to bind DQ and therefore only 

VI-3 is able to complex the guest. As VI-3 is a loose fitting host, it is understandable why the 

solid state structure is highly disordered.  

 

VI. 3Conclusions 

 The cyclization reactions to form the regioisomers of cDB27C9 (VI-5 and VI-8) appear 

to be less efficient than formation of cDB24C8 and cDB30C10. Complexation with PQ species 

was proposed to improve, and did, with cryptand VI-2 compared to VI-1. The improvement was 

only incremental, likely due to lack of hydrogen bond acceptors in the proper position of the 

para arm. CPK modeling showed that VI-2 should be unable to accommodate DQ; however, 

ITC, MS, and X-ray crystallography show pseudorotaxane formation, although the strength of 

complexation is reduced by over an order of magnitude compared to VI-1. Similarly, models of 

cryptand VI-3 showed it should have a poorer fit with PQ and DQ than either VI-1 or VI-2 and 

binding was in fact reduced. The ITC data for complexation of host VI-3 with all three guests 

tested showed unusual stoichiometry; MS of the all three complexes show species corresponding 

to 2 hosts per guest. A minor impurity in VI-3, VI-12, complexed PQ and appears to afford 

significant sites for binding of the guest; historically, however, trans crown ethers are more 

difficult to synthesize.  
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VI.4 Experimental Section 

General information. All chemicals were used as received. The synthesis of tetra(ethylene 

glycol) bis(2-hydroxy-5-carbomethoxyphenyl) ether (VI-4)1 and tri(ethylene glycol)  bis(2-

hydroxy-5-carbomethoxyphenyl) ether (VI-7)2 were previously reported. Melting points were 

measured with a Mel-Temp II device and are uncorrected. Thin layer chromatography (TLC) 

was done using Whatman PE SIL G/UV254. 1H Nuclear Magnetic Resonance (NMR) spectra 

were obtained at ambient temperature on a Varian Unity or an Inova 400 MHz spectrometer with 

TMS (δ = 0.00 ppm) as internal standard. High resolution mass spectra (HR MS) were obtained 

on a JEOL Model HX 110. Crystals were mounted on a nylon CryoLoopTM (Hampton Research) 

with Krytox® Oil (DuPont) and centered on the goniometer of an Oxford Diffraction 

XCalibur2TM (equipped with a Sapphire 2TM CCD detector) or GeminiTM (equipped with a 

Sapphire 3TM CCD detector) diffractometer. The program package CrystalMaker was used for 

molecular graphics generation. 

Synthesis of cis(4,4’)-di(carbomethoxy)-dibenzo-27-crown-9short (VI-5). Bisphenol VI-41 

(2.00 g, 4.04 mmol), KPF6 (0.74 g, 4.0 mmol), K2CO3 (2.79 g, 20.2 mmol) and tri(ethylene 

glycol) ditosylate (1.85 g, 4.03 mmol) were mixed in CH3CN (200 ml). The refluxing mixture 

was stirred under N2 for 48 h. After cooling, the mixture was filtered and the solvent was 

evaporated. The material was partitioned between chloroform and water; the organic phase was 

washed with water, Na2CO3 (aq.), NaCl (sat. aq.), dried with sodium sulfate, filtered, and the 

solvent was removed. Column chromatography (neutral alumina, 8/2 v/v ethyl acetate/hexanes) 

yielded a white solid (1.46 g, 59%), mp 110.2-115.8 °C. 1H NMR (CDCl3, 400 MHz) δ: 7.63 

(dd, 3JHH = 8 Hz, 4JHH = 2 Hz, 2H), 7.52 (d, 4JHH = 2 Hz,  2H), 6.85 (d, 3JHH = 8 Hz, 2H), 4.19 

(m, 8H), 3.91 (m, 8 H), 3.88 (s, 6 H), 3.84 (s, 4H), 3.78 (m, 5 H), 3.70 (m, 4 H). LR FAB MS 
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(NBA/PEG) of VI-5: m/z 577.9, 100% [VI-5 - OCH3]+, 608.25, 20% [VI-5]+, and 818.2, 30% 

[VI-5 + TsOK]+ or [the partially reacted, noncyclized VI-4-tri(ethylene glycol)OTs + K]+. HR 

FAB MS (m/z) observed 608.2490; calc’d 608.2469, error 3.5 ppm. 

Synthesis of cis-bis(hydroxymethyl)dibenzo-27-crown-9short (VI-6). Diester VI-5 (1.00 g, 

1.64 mmol) was dissolved in THF (100 mL, distilled from Na). LiAlH4 (0.25 g, 6.6 mmol) was 

slowly added over 1 h. The mixture was stirred for an additional 12 h and then worked up using 

the Fieser and Fieser method.4 5 was isolated as a white waxy solid (0.78 g, 86%). 1H NMR 

(CDCl3, 400 MHz) δ: 6.88 (m, 2H), 6.82 (m, 4H), 4.56 (s, 4H), 4.12 (m, 8H), 3.87 (m, 8H), 3.80 

(d, 4H), 3.75 (m, 5 H), 3.68 (m, 4 H). LR FAB MS (NBA) of VI-6: m/z 535.9, 90% [VI-6 - 

OH]+; 536.9 20% [VI-6 - OH + 1]+; 552.9, 100% [VI-6]+; 553.9, 20% [VI-6 - 1]+; 571, 20% 

[VI-6 + H2O]+; 572, 5% [VI-6 + H2O + 1]+; 576, 15% [VI-6 + Na]+. HR FAB MS (NBA/PEG): 

m/z 552.28818 [VI-6]+, calc. for C28H40O11 552.2571, error 2.0 ppm. 

Synthesis of pyridyl-27S cryptand (VI-2). To a solution of pyridine (1.0 mL) in CH2Cl2 (2.5 L) 

were added crown ether diol VI-6 (0.78 g, 1.4 mmol) in CHCl3 (40 mL) and pyridine-2,6-

dicarbonyl chloride (0.29 g, 1.4 mmol) in CHCl3 (40 mL) simultaneously with two separate 

syringes via a syringe pump at 0.50 mL/h. After addition, the reaction mixture was stirred at rt 

for 5 days. The solvent was evaporated. The crude product was dissolved in CHCl3 and washed 

with 10% H2SO4, water, dried with Na2SO4, filtered, and concentrated via rotary evaporation. 

The residue was subjected to neutral alumina column chromatography, eluting with 1% CH3OH 

in CHCl3. VI-2 was isolated as a white solid (0.35 g, 36%), mp 173.8-174.5 °C; 1H NMR 

(CDCl3, 400 MHz): δ 8.36 (d, 3JHH = 8.0 Hz, 2 H), 8.04 (t, 3JHH = 8.0 Hz, 1H), 6.94 (m, 4H), 

6.78 (d, 3JHH = 8.8 Hz, 2H), 5.30 (s, 4H), 4.20 (t, 4H), 3.97 (m, 8H), 3.84 (m, 4H), 3.81 (s, 4H), 

3.71 (m, 4H), 3.66 (m, 4H). LR FAB MS (NBA) of VI-2: m/z 683.8, 66% [VI-2]+; 684.8, 100% 
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[VI-2 + 1]+; 685.8, 40% [VI-2 + 2]+; 686.8, 10% [VI-2 + 3]+; 701.3, 5% [VI-2 + H2O]+; 706.2, 

<5% [VI-2 + Na]+; 723.44, <5% [VI-2 + K]+;  HR FAB MS (NBA/PEG): m/z 683.2603[VI-2]+, 

calc. for C35H41NO13 683.2578, error 3.7 ppm. 

Synthesis of cis(4,4’)-di(carbomethoxy)-dibenzo-27-crown-9long (VI-9). Bisphenol VI-72 

(1.94 g, 4.31 mmol), KPF6 (0.79 g, 4.3 mmol), K2CO3 (2.99 g, 21.6 mmol), and tetra(ethylene 

glycol) ditosylate (2.17 g, 4.32 mmol) were mixed in CH3CN (100 ml). The refluxing mixture 

was stirred under N2 for 72 h. After cooling, the mixture was filtered and the solvent was 

evaporated. The material was partitioned between chloroform and water; the organic phase was 

washed with water, NaCl (sat. aq.), dried with sodium sulfate, filtered, and the solvent was 

removed. Column chromatography (neutral alumina, 99/1 v/v CHCl3/methanol) yielded a white 

solid (1.27 g, 49%), mp 110.7-112.0 °C. 1H NMR (CDCl3, 400 MHz) δ: 7.64 (dd, 3JHH = 8 Hz, 

4JHH = 2 Hz, 2H), 7.52 (d, 4JHH = 2 Hz,  2H), 6.84 (d, 3JHH = 8 Hz, 2H), 4.19 (m, 8H), 3.92 (m, 

8H), 3.88 (s, 6 H), 3.82 (s, 4H), 3.79 (m, 4H), 3.70 (m, 4H). ESI MS (Agilent HP121 and HP921, 

acetone) of VI-8: m/z 626.28129, 100% [VI-8 + H2O]+; 627.28504, 34% [VI-8 + H2O + 1]+; 

631.23749, 68% [VI-8 + Na]+, error 0.07 ppm; 632.24105, 100% [VI-8 + Na + 1]+, error 0.73 

ppm; 633.24325, 100% [VI-8 + Na + 2]+, error 0.52 ppm. 

Synthesis of cis-bis(hydroxymethyl)dibenzo-27-crown-9long (VI-9). Diester VI-8 (0.68 g, 1.1 

mmol) was dissolved in THF (100 mL, distilled from Na). LiAlH4 (0.40 g, 10 mmol) was slowly 

added over 1 h. The mixture was stirred for an additional 12 h and then worked up using the 

Fieser and Fieser method.4 The product was filtered and the solvent was removed in vacuo. The 

solid was partitioned between CHCl3 and water and the organic layer was washed with dilute 

HCl and repeatedly with water until the aqueous pH was neutral. The organic layer was dried in 

Na2SO4 then filtered and the CHCl3 removed in vacuo. VI-9 was isolated as a white solid (0.60 
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g, 97%), mp 82.9-84.9°C. 1H NMR (CDCl3, 400 MHz) δ: 6.93 (m, 2H), 6.85 (m, 4H), 4.57 (br s, 

4H), 4.15 (m, 8H), 3.89 (m, 8H), 3.82 (br s, 4H), 3.77 (m, 4H), 3.69 (m, 4H), 1.75 (br s, 1.8 H). 

ESI MS (Agilent HP121 and HP921, acetone) of VI-9: m/z 570.29123, 100% [VI-9 + H2O]+; 

571.29542, 31% [VI-9 + H2O + 1]+; 575.24714, 74% [VI-9 + Na]+, error 1.48 ppm; 576.25104, 

22%, [VI-9 + Na + 1]+, error 2.33 ppm; 577.2530, 3.7% [VI-9 + Na +2]+, error 1.27 ppm.  

Synthesis of pyridyl-27L cryptand (VI-3). To a solution of pyridine (1.0 mL) in CH2Cl2 (2.0 L) 

were added crown ether diol VI-9 (0.60 g, 1.1 mmol) in CHCl3 (40 mL) and pyridine-2,6-

dicarbonyl chloride (0.22 g, 1.1 mmol) in CHCl3 (40 mL) simultaneously in separate syringes via 

a syringe pump at 0.50 mL/h. After addition, the reaction mixture was stirred at rt 5 days. The 

solvent was evaporated. The crude product was dissolved in CHCl3 and washed with 10% 

H2SO4, water, dried with Na2SO4, filtered, and concentrated via rotary evaporation. The residue 

was subjected to neutral alumina column chromatography, eluting with 1% CH3OH in CHCl3. 

The cryptand VI-3 was isolated as a white solid (0.28 g, 38%), mp 149.1-151.1 °C. 1H NMR 

(CDCl3, 400 MHz): δ 8.33 (d, J3 = 8 Hz, 2H), 8.02 (t, J3 = 8 Hz, 1H), 7.01 (d, J4 = 2 Hz, 2H), 

6.94 (dd, J3 = 8 Hz & J4= 2 Hz, 2H), 6.77 (d, J3 = 8 Hz, 2H), 5.34 (s, 4H), 4.14 (m, 4H), 4.06 (m, 

4H), 3.92 (m, 4H), 3.83 (m, 4H), 3.72(m, 12H). ESI MS (Agilent HP121 and HP921, acetone) of 

VI-3: m/z 701.29155, 100% [VI-3 + H2O]+; 702.29564, 39% [VI-3 + H2O]+; 706.24799, 55% 

[VI-3 + Na]+, error 1.39 ppm; 707.25089, 20% [VI-3 + Na + 1]+, error 0.76 ppm; 708.25342, 4% 

[VI-3 + Na + 3]+, error 0.52 ppm; 709.25789, 0.7% [VI-3 + Na + 4]+, error 3.02 ppm.  

ESI MS determination of the complex VI-2·PQ(PF6)2 (Agilent HP121 and HP921, acetone): 

m/z 171.09108, 15% [PQ(PF6)2 - 2PF6
- - CH3

+]+; 186.11422, 56% [PQ(PF6)2 - 2PF6
-]+; 

187.1171, 7% [PQ(PF6)2 - 2PF6
- + 1]+; 434.68266, 5% [VI-2·PQ(PF6)2 - 2PF6

-]+2; 435.18435, 

3% [VI-2·PQ(PF6)2 - 2PF6
- + 1]+2; 435.68586, <1% [VI-2·PQ(PF6)2 - 2PF6

- + 2]+2; 436.18, <1% 

103 

 



Chapter VI            A. M.-P. Pederson, Ph.D. Dissertation 

[VI-2·PQ(PF6)2 - 2PF6
- + 3]+2; 701.29022, 52% [VI-2 + H2O]+; 702.29299, 18% [VI-2 + H2O + 

1]+; 706.24604, 100% [VI-2 + Na]+; 707.24895, 35% [VI-2 + Na + 1]+; 708.25111, 8% [VI-2 + 

Na + 2]+; 1014.33686, <1% [VI-2·PQ(PF6)2 - PF6
-]+, error 0.26 ppm; 1015.34086, <1% [VI-

2·PQ(PF6)2 - PF6
- + 1]+, error  0.46 ppm; 1016.34036, <1% [VI-2·PQ(PF6)2 - PF6

- + 2]+, error 

2.87 ppm.  

ESI MS determination of the complex VI-2·PQ diol(PF6)2 (Agilent HP121 and HP921, 

acetone): m/z 464.69436, 29% [VI-2·PQ diol(PF6)2 - 2PF6
-]+2; 465.19598, 16% [VI-2·PQ 

diol(PF6)2 - 2PF6
-]+2; 549.27169, 53% [frag. of VI-2]+; 550.27049, 18% [frag. of VI-2]+; 

701.29957, 67% [VI-2 + H2O]+; 702.29774, 30% [VI-2 + H2O + 1]+; 706.25639, 100% [VI-2 + 

Na]+; 707.25311, 39% [VI-2 + Na + 1]+; 806.32642, <10% [(VI-2)2·PQ diol(PF6)2 - 2PF6
-]+2; 

1074.36114, 20% [VI-2·PQ(PF6)2 - PF6
-]+, error 2.69 ppm; 1075.36416, 11% [VI-3·PQ(PF6)2 - 

PF6
- + 1]+, error 1.78 ppm; 1076.36, ~3% [VI-3·PQ(PF6)2 - PF6

- + 2]+; 1077.36, <1% [VI-

3·PQ(PF6)2 - PF6
- + 3]+. 

ESI MS determination of the complex VI-2·DQ(PF6)2 (Agilent HP121 and HP921, acetone): 

m/z 183.09097, 35% [DQ(PF6)2 – 2PF6
-]+; 433.67798, 74% [VI-2·DQ(PF6)2 – 2PF6

-]+2; 

434.17719, 41% [VI-3·DQ(PF6)2 – 2PF6
- + 1]+2; 549.26787, 44% [frag. of VI-2]+; 701.29834, 

71% [VI-2 + H2O]+; 702.2946, 28% [VI-2 + H2O + 1]+; 706.25416, 100% [VI-2 + Na]+; 

707.25029,  41% [VI-2 + Na + 1]+; 775.30702, <5% [(VI-2)2·DQ(PF6)2 - 2PF6
-]+2; 1012.32353, 

41% [VI-2·DQ(PF6)2 – PF6
-]+ error 2.03 ppm; 1013.32636, 42% [VI-2·DQ(PF6)2 – PF6

- + 1]+ 

error 2.9 ppm; 1014.3, 5% [VI-2·DQ(PF6)2 – PF6
- + 2]+; 1015.3, <2% [VI-2·DQ(PF6)2 – PF6

- + 

3]+. 

ESI MS determination of the complex VI-3·PQ(PF6)2 (Agilent HP121 and HP921, acetone): 

m/z 171.09215, 16% [PQ(PF6)2 - 2PF6
- - CH3

+]+; 434.68753, 100% [VI-3·PQ(PF6)2 - 2PF6
-]+2; 
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435.18959, 54% [VI-3·PQ(PF6)2 - 2PF6
- + 1]+2; 435.69185, 16% [VI-3·PQ(PF6)2 - 2PF6

- + 2]+2; 

517.24491, 9% [(VI-3)2·PQ(PF6)2 - 2PF6
- + H+]+3; 701.29202, 58% [VI-3 + H2O]+; 702.29702, 

58% [VI-3 + H2O + 1]+; 706.24879, 27% [VI-3 + Na]+; 707.25229, 10% [VI-3 + Na + 1]+; 

1014.33829, 11% [VI-3·PQ(PF6)2 - PF6
-]+, error 1.15 ppm; 1015.34119, 6% [VI-3·PQ(PF6)2 - 

PF6
- + 1]+, error 0.79 ppm; 1016.34329, 1% [VI-3·PQ(PF6)2 - PF6

- + 2]+, error 0.01 ppm; 

1017.34506, 0.2% [VI-3·PQ(PF6)2 - PF6
-]+, error 0.98 ppm.  

ESI MS determination of the complex VI-3·PQ diol(PF6)2 (Agilent HP121 and HP921, 

acetone): m/z 464.6985, 100% [VI-3·PQ diol(PF6)2 - 2PF6
-]+2; 465.20097, 55% [VI-3·PQ 

diol(PF6)2 - 2PF6
-]+2; 701.29134, 74% [VI-3 + H2O]+; 702.29623, 30% [VI-3 + H2O + 1]+; 

706.24702, 96% [VI-3 + Na]+; 707.25202, 39% [VI-3 + Na + 1]+; 806.32774, 32% [(VI-3)2·PQ 

diol(PF6)2 - 2PF6
-]+2; 806.82947, 30% [(VI-3)2·PQ diol(PF6)2 - 2PF6

- + 1]+2; 1074.35923, 54% 

[VI-3·PQ(PF6)2 - PF6
-]+, error 0.92 ppm; 1075.36248, 29% [VI-3·PQ(PF6)2 - PF6

- + 1]+, error 

0.89 ppm; 1076.36476, 9% [VI-3·PQ(PF6)2 - PF6
- + 2]+ error 0.33 ppm; 1077.36637, 2% [VI-

3·PQ(PF6)2 - PF6
- + 3]+, error 0.74 ppm. 

ESI MS determination of the complex VI-3·DQ(PF6)2 (Agilent HP121 and HP921, acetone): 

m/z 183.09208, 32% [DQ(PF6)2 – 2PF6
-]+; 433.67996, 100% [VI-3·DQ(PF6)2 – 2PF6

-]+2; 

434.18209, 51% [VI-3·DQ(PF6)2 – 2PF6
- + 1]+2; 549.27065, 59% [frag. of VI-3]+; 701.29032, 

61% [VI-3 + H2O]+; 706.24625, 78% [VI-3 + Na]+; 775.30909, 43% [(VI-3)2·DQ(PF6)2 - 2PF6
-

]+2; 775.81073, 41% [(VI-3)2·DQ(PF6)2 - 2PF6
- + 1]+2; 1012.32148, 82% [VI-3·DQ(PF6)2 – PF6

-

]+; 1013.32527, 42% [VI-3·DQ(PF6)2 – PF6
- + 1]+; 1014.32779, 12% [VI-3·DQ(PF6)2 – PF6

- + 

2]+; 1015.3304, 2% [VI-3·DQ(PF6)2 – PF6
- + 3]+. 
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Chapter VII 

 

Attempted Syntheses of Functionalized Cryptands Based on  

cis-Dicarbomethoxydibenzo-30-Crown-10 

 

 

 

 VII.1 Introduction 

 Chapters III-VI have summarized the work to improve the synthetic methods to produce 

hosts with large association values with paraquat and diquat bis(hexafluorophosphate) salts (PQ 

and DQ respectively). The host III-3, described in Chapter III, possesses a reactive alcohol 

group, but its binding ability was too low to produce the desired supramolecular polymers. The 

hosts in chapter IV-VI did not have reactive groups for incorporation into cryptand based 

supramolecular polymers (Schemes VII-1 and VII-2) or supramolecularly linked block 

copolymers by synthesis of host functionalized radical polymerization initiators (Scheme VII-3) 

which are the ultimate goals for this work.  
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Previously, Nori Yamaguchi of the Gibson group made crown ether-based 

supramolecular polymers of the types shown in Schemes VII-1 and VII-2 with dibenzyl 

ammonium and PQ guests.1 These host-guest systems have much lower association constant (Ka) 

values than the systems shown here and yet polymeric properties were found; these systems were 

highly soluble. The degree of polymerization is proportional to (2MKa)1/2 where M is the initial 

monomer concentration. 2 

 

 

Scheme VII-1. Cartoon representation of synthesis of supramolecular A-B polymer. The red 

ovals represent hosts and the blue bars represent guests. 

 

Scheme VII-2. Cartoon representation of synthesis of a supramolecular A-A + B-B polymer. 

Bis(PQ) and bis(dibenzyl ammonium) guests are known. Bis(DQ) guests can easily be made 

from DQCH2OH. 

 

 The Gibson group has already synthesized crown functionalized SFRP initiators and from 

them successfully produced narrow molecular weight distribution polymers.3  
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Scheme VII-3. Cartoons representations of host-containing ATRP or SFRP initiators to produce 

host end-functionalized polymers. These polymers have been made and tested; functional 

cryptands are needed for cryptand functionalized initiators and polymers. 

 

This chapter summarizes the work to functionalize cryptands starting from chelidamic 

acid (VII-1). Scheme VII-4 shows the type of cryptand syntheses performed in this chapter to 

produce functionalized cryptands as building blocks for suprapolymers and supramolecularly 

linked block copolymers. As the synthesis of cis-dicarbomethoxydibenzo-30-crown-10 

(cDB30C10) is straightforward and high yielding and the cryptand derived from it has useful 

binding strength with PQ or DQ, it will be used as the starting crown ether; it is important to 

know that the crown ether BMP32C10 could be used in place of cDB30C10 as its pyridyl 

cryptand derivative is a much better host for paraquat.  

In the following schemes: black single lined arrows represent reactions that were 

performed and fat black double lined arrows are used in reactions that were not performed, but to 

show where the schemes were meant to go. 
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Scheme VII-4. Cryptand synthesis from derivatives of chelidamic acid (VII-1) with cDB30C10 

diol. The nature of the R group will be described in specific detail in each of the following 

schemes. 

 

The most direct route to functionalized cryptands was to copy what had been done 

previously in the Gibson group (Scheme VII-5).4 Chelidamic acid (VII-1) was converted to 

methyl chelidamate (VII-2) by reaction with methanol in the presence of catalytic sulfuric acid 

and then the 4-position oxygen was protected by reaction with benzyl chloride to yield dimethyl 

4-benzyloxy-2,6-pyridine-dicarboxylate (VII-3). The diester VII-3 was converted to the diacid, 

VII-4, by reaction with 50% NaOH solution at 100°C for 6h. Subsequently, VII-4 was converted 

to VII-5 by reaction with thionyl chloride and finally, VII-5 was reacted with BMP32C10 diol 

via pseudo-high dilution cryptand leading to an 21% yield of VII-6. The hydrogenolysis reaction 

had not been attempted to yield the active hydroxyl functional cryptand, VII-7. Cryptand VII-6’s 

ability to bind PQ diol was tested by a two point 1H NMR method and the preliminary Ka
5 was 

4.4 x106 M-1; its strength of complexation was also measured by competitive complexation with 

PQ, Ka = 9.0(±1.8) x 105 M-1.4  
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Scheme VII-5. Synthesis of a benzyl protected pyridyl-BMP32C10 based cryptand. a) CH3OH, 

H2SO4, reflux; b) benzyl chloride, K2CO3, DMF, 90°C; c) KOH, reflux, 6 h, HCl, RT; d) SOCl2, 

C6H6, DMF, reflux; e) BMP32C10 diol, triethylamine, CH2Cl2, rt. The conditions were reported 

without reaction yields.4  

 

 A cryptand containing a phenol, or other alcohol, group could be reacted with the acid 

chloride functionalized PQ, PQ acid, to achieve an A-B supramolecular monomer (Scheme VII-

1). Likewise the same cryptand could be reacted with a diacid chloride or diisocyanate to 

produce the A-A supramolecular monomer needed in Scheme VII-2. Also, the same cryptand 

could be easily converted to an ATRP initiator, by reaction with 2-bromoisobutyryl bromide to 

allow for end-functionalized polymers (Scheme VII-3).  
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VII-2 Results and Discussion 

VII-2.1 Schemes yielding a phenol or alcohol functionalized cryptand 

The conditions reported to make VII-2 are low yielding (~60%);6 instead, reaction of 

VII-1 with a mixture of methanol and thionyl chloride initially at 0 °C and allowed to warm to 

room temperature and stir for 1d and then heated to reflux for an additional 2 h produces VII-2 

in improved yields (85+%). The vigorous conditions reported to make diacid VII-4 destroy 

almost any other analogous functional derivative (such as aldehydes, silyl protection groups, 

alkyl halides, or TEMPO containing molecules). The conversion of VII-1 to VII-5 was similarly 

completed and cryptand synthesis was performed with cDB30C10 diol (Scheme VII-6). The 

benzyl protected cryptand, VII-8, was isolated in 41 and 42% yields in two trials; all products 

were purified and confirmed by 1H NMR and HR-MS. The cryptand synthesis was attempted a 

third time, but only side products were recovered. Similar to the non-functional pyridyl-

cDB30C10 cryptand reported in Ch. V, the nonequivalent ethyleneoxy arms of VIII-8 yield 

separate signals in the 1H NMR spectrum.  

Hydrogenolysis was performed with a catalytic amount of Pd/C on VII-8, first in toluene 

for 24 h without reaction and then in CH2Cl2 inhibited with CH3OH, yielding the desired product, 

VII-9, (as a mixture of tautomers) in low yield and also side products in which the cryptand 

benzyl esters were also believed to be clipped (see the complex 1H NMR spectrum in Figure VII-

1). The hydrogenolysis was attempted multiple times with similar results. Hydrogenation 

reactions in methanol-inhibited methylene chloride work well, but when methylene chloride 

inhibited with isoamylene was the reaction solvent no reaction occurred. Likely the reaction time 

could be varied to only remove the benzyl ether; however, this phenol will have very low 
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reactivity and further reaction yields would be diminished. Therefore, this scheme was 

abandoned for other schemes that were hoped would afford cleaner, higher yielding reactions.  
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Scheme VII-6. Synthesis of a benzyl protected pyridyl-cDB30C10 based cryptand. a) 

cDB30C10 diol, pyridine, CH2Cl2, rt, 7 d, 42%; b) H2, Pd/C, toluene, rt, 24 h, VII-9 could not be 

isolated. 

 

8 7 6 5 4 PPM

Figure VII-1. 1H NMR (CDCl3, 400 MHz) of the product mixture of reaction b in Scheme VII-6. 
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 It is believed that hydrogenation conditions can be found that deprotect the external 

benzyl ether in the presence of internal benzyl esters. Hydrogenation is desired because of its 

speed, simplicity, and functional group insensitivity. Most other protection groups use acid-base 

chemistry to remove the protecting group; the benzyl esters next to pyridine rings are highly 

sensitive to these types of conditions. Therefore, work was started on Scheme VII-7; 

unfortunately, purification of 1-benzyloxy-4-bromo-butane (VII-10), synthesized through a two 

phase system using tetrabutylammonium hydrogen sulfate as a phase transfer catalyst, was not 

completed and the scheme was abandoned for others that do not utilize benzyl protecting groups. 

This is one of several schemes that will be recommended for further research (Ch. VIII). 

However, the shorter ethyl linker may be more sterically hindered (reducing N-alkylation), 

making it potentially advantageous.  
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Scheme VII-7. Unfinished synthesis of 4-(4’-benzyloxybutoxy)pyridyl-cDB30C10 cryptand. a) 

NaOH, H2O, BnOH, TBAHS; b) VII-2, Cs2CO3, DMF, 90 °C, 6 h; c) aq. KOH, EtOH, rt, 2 h, 

HCl; d) SOCl2, cat. DMF, CH2Cl2; e) cDB30C10 diol, pyridine, CH2Cl2, rt, 7 d; f) H2, Pd/C, 

toluene, rt, <1 h; g) C10 diacid chloride, pyridine; h) PQ acid chloride, pyridine; i) 2-

bromoisobutyryl bromide, pyridine. b) – i) are recommended conditions.  

 

 

There appears to be an odd/even effect with reactions of bromoalkanes with dimethyl 

chelidamate: ethyl, butyl, or possibly hexyl alkanes are recommended, but pentyl arms show 
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lower reactivity. There is literature showing good yields with ethyl linkers.7 Butyl linkers have 

good reactivity with the 4-position oxygen, but pentyl linkers do not (examples shown in later 

schemes). The Gibson group showed that the ratio of linear to cyclic supramolecular polymers 

increases with longer linkers and therefore long linkers are desirable.8  

Scheme VII-8 shows the synthesis of an aldehyde functionalized third arm. The initial 

syntheses, steps a) and b), were performed on both the butyl and pentyl linkers. The yield of 

reaction b) for the butyl linker is as high as 88% and the pentyl linker is less than 30% and 

produces the N-alkylated side product, under the same conditions; therefore, synthesis of the 

pentyl derivative was stopped. VII-16a was converted to the diacid VII-17 and then chloride 

VII-18 through the very low yielding conditions stated. Refluxing in hydroxide for extended 

periods of time are prime conditions for the Cannizaro disproportionation reaction of aldehydes 

to alcohols and acids. There is literature showing that benzaldehydes react with the sulfuryl 

chloride impurity in thionyl chloride to form the gem-dichlorides. Cryptand VII-19 was isolated 

in 23% yield. Cryptand VII-19 should be easily hydrogenated or reduced by NaBH4 to produce 

the benzyl alcohol functionalized cryptand VII-20; however, cryptand VII-19 decomposed 

rapidly after isolation and drying. Greene’s Protective Groups in Organic Synthesis has been 

researched to find an aldehyde protection group that would be unaffected by the reaction 

conditions b)-e) and that could be removed to do reaction f) without harming the cryptand bonds, 

but to no avail. 

Gentler conditions to convert VII-16a to VII-18 were found to work better (6 eq. aq. 

KOH, ethanol, room temperature, 2 h and then oxalyl chloride with catalytic DMF in CH2Cl2), 

except during cryptand synthesis the diacid chloride decomposed in the syringe; although oxalyl 
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chloride is normally considered a gentler reagent than thionyl chloride, I believe there was a side 

product from the aldehyde and this side product decomposed in the syringe.  
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Scheme VII-8. Synthesis of cryptand VII-19. a) 4-hydroxybenzaldehyde, K2CO3, acetone, 4 h, 

reflux, 68%; b) VII-2, Cs2CO3, DMF, 6 h, 90 °C, 88% for VII-15a and 27% for VII-15b; c) 

KOH, H2O, 12 h, reflux, 33% (VII-17); d) SOCl2, 12 h, reflux; e) cDB30C10 diol, pyridine, 

CH2Cl2, 7 d, rt, 23% for d) and e). VII-19 decomposes quickly. VII-18 is more efficiently 

synthesized by: c) excess aq. KOH, EtOH, 2 h, rt, HCl to pH 1 and then d) SOCl2, cat. DMF, 

CH2Cl2, 1 h, rt. The recommended conditions for reaction f) are either H2, Pd/C, isoamylene-free 

CH2Cl2, <1 h or NaBH4, THF.  
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VII-2.2 Schemes yielding alkyl halide functionalized cryptands 

 A-B supramolecular monomers with PQ (Scheme VII-1) could easily be produced if an 

alkyl bromide functionalized cryptand were synthesized. The range of usefulness is limited with 

these cryptand derivatives, but their simplicity makes them a desirable target. The reaction of 

methyl chelidamate (VII-2) with a dibromoalkane is not as simple as it seems on paper. Cesium 

carbonate in DMF at 90 °C favors O-alkylation (over N-alkylation) and works well for bulky, 

soft electrophiles like benzyl bromide, but less bulky or harder electrophiles can react at the 

nitrogen of VII-2. Reactions run with potassium carbonate in place of cesium carbonate show 

less selectivity and significant N-alkylation occurs; there is literature precedence stating this 

method works,9 but the reported yields have been impossible to reproduce. Of course, normally 

reaction of a single site nucleophile with difunctional electrophiles occurs best with large 

excesses of the dielectrophile. However, early on it was feared that these conditions would lead 

to oligomerization or O- and N-alkylation and currently the best recommendation for unknown 

reactions is start at high ratios of dibromide to VII-2 and if necessary reduce the ratio.  

Methyl chelidamate was reacted with dibromobutane, dibromopentane, and 

dibromodecane (Scheme VII-9). The reaction of VII-2 with dibromobutane was run with only 

1.5 eq. of the dibromide in the presence of Cs2CO3 in DMF at 100 °C for 4 h; TLC analysis 

showed numerous spots and none of them was a major spot. The reaction was not taken further 

or repeated. The reaction of VII-2 with dibromopentane was performed with K2CO3, not 

Cs2CO3, in acetone, not DMF, and yielded an 80/20 mixture of two inseparable materials, with 

similar 1H NMR signals, believed to be O-alkylated and N-alkylated product. This reaction was 

not taken further nor repeated. The reaction of VII-2 with dibromodecane directly copied the 

literature (K2CO3, acetone, but 35% instead of 75% yield)9 to produce VII-21c.  
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The basic hydrolysis of VII-21c to VII-22c was never cleanly performed, to the point 

where it is not possible to even estimate the yield of the reaction. The dicarboxylic acid produced 

very strong emulsions. Instead of acidifying at the end of reaction to collect the diacid, an 

attempt was made to precipitate the dipotassium carboxylate salt, but this only worked sparingly. 

1H NMR spectra of the diacid and potassium salts, the cleanest example shown in Figure VII-2, 

were inconclusive because the signals are very noisy and spread out and integrations are off (the 

aliphatic proton signals are high compared to the pyridine counterparts 28:2, but should be 20:2). 

MS data were obtained on the dipotassium salt and there are definitive signals for the protonated 

dipotassium salt (m/z 478.4 and 480.4), the dipotassium salt less bromide (m/z 398.4), and 

potassium complex of the dipotassium salt (m/z 516.4 and 518.4), but there are many unknown 

non-bromine containing peaks in the MS (m/z 600.7, 482.5, 444.5, 438, 345.4, 276.4; it is 

unclear if the species are being produced in the MS experiment or if they are impurities in the 

sample).A set of signals that appear to be bromine-containing (m/z 231.2 and 233.2) could be 

from fragmentation of bromodecyloxy section of VII-22c.  
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Figure VII-2. 1H NMR (400 MHz, D2O) of VII-22c.  

 

 Naively, with no data proving the small amount of isolated material possessed was 

actually clean VII-22c, it was reacted with refluxing thionyl chloride in an attempt to synthesize 

VII-23c. The reaction mixture was cooled and the solvent was removed. There was still a thionyl 

chloride odor and it was decided to try to dry the product overnight. This was a mistake as 

pyridine is a catalyst for acid chloride hydrolysis. After drying, the material was insoluble in 

organic solvents as the diacid had reformed; likely VII-23c was produced, but after drying in the 

vacuum oven overnight it decomposed and then the hydrolysis was completed in air. 1H NMR 

showed two different populations of pyridyl protons and MS showed VII-22c (m/z 402.6 and 

404.6) and the monosodium complex of VII-22c (m/z 424.6 and 426.6). 4-Bromoalkane 

derivatives of chelidamic acid were a challenging target with limited ways they could be used to 

produce supramolecular polymers and attempts to make them were dropped.  
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Scheme VII-9. Attempted synthesis of alkyl bromide-functionalized cryptands. a) VII-2, K2CO3 

or CS2CO3, DMF, 100 °C or acetone, reflux, 6 h, 0-35% yield; b) excess aq. KOH, EtOH, 2 h, rt, 

HCl to pH 1; c) refluxing SOCl2, 3 h; d) would have been: cDB30C10 diol, pyridine, CH2Cl2, 7 

d, rt; and e) would have been: N-methyl-4-pyridylpyridinium PF6, DMF, 4 d, 110 °C, and then 

anion exchange with KPF6.  

 

O-Alkylation of methyl chelidamate (VII-2) proceeds well and selectively with benzyl 

halides. Therefore, the reaction of VII-2 with α,α’-dichloro-p-xylene was undertaken, Scheme 

VII-10, to produce VII-26 (K2CO3, acetone, 3d/reflux, 31%). The diester VII-26 was hydrolyzed 
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to the diacid VII-27 in quantitative yield and the diacid was converted to the diacid chloride VII-

28 by SOCl2 and used directly in cryptand synthesis. The desired cryptand VII-29 was not 

isolated; from the 1H NMR, Figure VII-3, it appears that the oligomeric side product VII-30 was 

in fact isolated. The side product shows twice as many crown ether protons as protons associated 

with α-chloro-α’-chelidamate-p-xylene and contains methylene signals similar to both 

cDB30C10 diol and pyridyl-cDB30C10 cryptand. FAB-MS does not show the definitive 

molecular ion of VII-30. The noisy MS spectrum, Figure VII-4, does show m/z: 560.9 60% 

[cDB30C10 diol – 2H2O]+, 578.9 45% [cDB30C10 diol – H2O]+, 618.9 58% [cDB30C10 diol + 

Na]+, 881.7 100% [either VII-29 + H or VII-30 – cDB30C10 diol]+; this level of fragmentation 

using FAB-MS has not been seen in any other cryptand synthesized. It does not seem that 

cryptand VII-29 is inherently not synthesizable, but was not obtained in this attempt. 

After all of this, I did not want to work on alkyl halide functionalized cryptands and there 

were other schemes to try that would be universally applicable. Work was shifted to alkyne 

functionalized cryptands (section VII-3).  
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Scheme VII-10. Attempted synthesis of α-chloro-p-xylene-functionalized cryptand (VII-29). a) 

VII-2, K2CO3, acetone, reflux, 3 d, 31%; b) excess aq. KOH, THF, 2 h, rt, HCl to pH 1, 100%; 

c) CH2Cl2, cat. DMF, SOCl2, 2 h; d) cDB30C10 diol, pyridine, CH2Cl2, 7 d, rt, 0% VII-29.  
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9 8 7 6 5 4 PPM

functional cryptand synthesis product

cDB30C10 diol

UNFUNCTIONALIZED CRYPTAND

Figure VII-3. Partial 1H NMR spectra (CDCl3, 400 MHz) of a) the side product isolated from 

Scheme VII-10 reaction d, b) pyridyl-cDB30C10 cryptand (V-12), and c) cDB30C10 diol (V-1d). 

The red dashed lines show the position of the benzylic methylene protons of VII-30 and how they 

relate to the ester benzylic methylene protons of V-12 and benzylic methylene protons of V-1d.  

b. V-12 

a. VII-30 

c. V-1d 
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Figure VII-4. FAB-MS of the side product isolated from Scheme VII-10 reaction d.  

 

VII-2.3 Attempted synthesis of alkyne functionalized cryptands 

 The flexibility of ‘click’ chemistry (1,3-dipolar addition reactions between alkynes and 

azides) led us to try Scheme VII-11.10 If we could produce an alkyne functionalized cryptand, 

VII-37, we could achieve all three goals of this work (Schemes VII-1 through VII-3). The A-B 

supramolecular monomer could be produced by reaction of VII-37 with an azide derivative of 

PQ or DQ (Scheme VII-1). The A-A supramolecular monomer could be produced by reaction 

with any desired diazide (Scheme VII-2). An ATRP initiator (Scheme VII-3) could be produced 

by clicking an azide alcohol followed by reaction with 2-bromoisobutyryl bromide.  
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 The desired pathway (reactions a-f) is outlined by green reaction arrows. Chelidamic acid 

(VII-1) is reacted with either PCl5 or PBr5 and the resulting 4-halodipicolinic acid halide is 

reacted with an excess of methanol to produce the methyl 4-halodipicolinate (VII-31a or VII-

31b) in >75% yields; with pure chelidamic acid and freshly made PBr5 the reaction yield is as 

high as 92%. VII-31a is also efficiently synthesized from SOCl2 with cat. DMF and then 

reaction with CH3OH. It was unclear if the 4-chlorodipicolinate (VII-31a) would be reactive 

under Songashira reaction conditions; it was determined that VII-31a was non-reactive in 

attempted Pd-catalyzed coupling with TMS-acetylene. The 4-bromo compound VII-31b was 

able to react and produce both VII-32a and VII-32b in quantitative yields. VII-32 and its 

subsequent derivatives are brown materials which would probably make them undesirable for 

commercial polymeric materials.  

 On paper it should be possible to hydrolyze the diester VII-31b to the diacid, convert the 

diacid to the diacid chloride and perform cryptand cyclization and then displace the bromide via 

Songashira coupling (yielding VII-36a). This rearranged reaction order, shown in Scheme VII-

12, was tried and it was found that both the diester and the diacid chloride species interact or 

react with some part of the stainless steel syringe needles used in cryptand synthesis which stops 

all flow through the needle.  

The role of the silyl protective group is to protect the alkyne through ester hydrolysis, 

acid chloride synthesis, and cryptand cyclization. The TMS group and the methyl esters were 

cleaved in aq. KOH in EtOH at 0 °C for 15 m followed by 6 M HCl to pH 2 yielding VII-34. 

Unfortunately, the TIPS group of VII-32b is partially cleaved under these same conditions; 

literature reports the TIPS group of TIPS-CC-C6H4-CO2Me is not hydrolyzed in 12 h with excess 

NaOH in ethanol/water at room temperature.11 Again Greene’s Protective Groups in Organic 
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Synthesis was researched and only one ester hydrolysis reaction could be found that should not 

destroy the protected alkyne: ester exchange to trimethylsilyl ester through in situ formation of 

TMSI from TMSCl and NaI, followed by water hydrolysis of the unstable esters.12 TMSI has 

been reportedly used to remove the methyl ether of diethyl 4-[ω-

methoxytri(ethyleneoxy)]chelidamate, in 81% yield, without ester hydrolysis.13 The literature 

shows methyl esters are the hardest esters to hydrolyze by these conditions. The literature 

reported methyl esters were hydrolyzed in 12-48h or longer. The reaction was run for 12 h and 

>90% of the starting material (VII-32b) was recovered. The literature shows that benzyl esters 

are highly susceptible to TMSI attack. Multiple attempts have been made to make the dibenzyl 

ester of chelidamic acid or transesterify methyl chelidamate with benzyl alcohol with no success. 

VII-34 was in hand and one attempt was made to convert it to the diacid chloride and 

then cyclize to the desired cryptand (VII-37). Since these materials are highly colored it is 

difficult to know when (either in acid chloride synthesis or in cryptand cyclization) the material 

decomposed or polymerized to a black glassy mess.  

I do believe that alkyne functionalization is the best way forward to achieve the goals set 

out at the beginning of this chapter; however, a nonconjugated connection between pyridine and 

acetylene would be more useful as the materials would not be colored and the reactivity of the 

alkyne would be more in line with the literature precedence. 
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Scheme VII-11. Proposed synthesis of the alkyne cryptand VII-37.  a) either PCl5 (to obtain 

VII-31a) or PBr5 (to obtain VII-31b), CH3OH, >75%; b) Reaction with VII-31b: HCCSiR3, 

CuI, i-Pr2NEt, THF, cat. Pd(PPh3)2Cl2, reflux, 12 h, 99%; c) excess aq. KOH, THF, 15 m, 0 °C, 

HCl to pH 2, 100% of VII-34 from VII-32a and a 50/50 mixture of VII-33b and VII-34 from 

VII-32b, this reaction was also attempted with in situ formation of TMSI with almost no reaction 

progress at 12 h in refluxing CH3CN; d) CH2Cl2, cat. DMF, SOCl2, 2 h; e) cDB30C10 diol, 

pyridine, CH2Cl2, 7 d, rt; f) TBAF, 15 m g) CH2Cl2, cat. DMF, SOCl2, 2 h; h) cDB30C10 diol, 

pyridine, CH2Cl2, 7 d, rt, 0%. 
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Scheme VII-12. A failed alternate path to cryptand VII-37. a) excess aq. KOH, THF, 2 h, rt, 

II-2.4 Attempted synthesis of a TEMPO functionalized cryptand (Scheme VII-13) 

d methods.14 

e

2 2

HCl to pH 1, 100%; b) ClOCCOCl, cat. DMF, N2; c) cDB30C10 diol, pyridine, CH2Cl2, 7 d, rt; 

d) Reaction with VII-31b: HCCSiR3, CuI, i-Pr2NEt, THF, cat. Pd(PPh3)2Cl2, reflux, 12 h.  

 

V

 The TEMPO derivative VII-41 was synthesized following Hawker’s reporte

It was reacted with methyl chelidamate (VII-2), producing VII-42 in 46% yield. Th  

dipotassium carboxylate salt was insoluble in basic EtOH/water and was collected (100%) 

without conversion to the diacid. An attempt to convert the salt to the diacid chloride and then 

immediately into cryptand failed. Normally diacid chlorides are completely soluble in the thionyl 

chloride/CH Cl  solvent mixture; however, the supposed diacid chloride VII-44 was never 

completely soluble. The acid chloride synthesis was repeated and NMR spectroscopy was 

performed on the precipitate and the filtrate (Figure VII-5). The precipitate showed signals, 

although shifted downfield, similar to TEMPO species (broad singlets 0.5-2 ppm), but did not 
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show pyridyl or aromatic hydrogen signals. The filtrate did show these pyridyl and aromatic 

hydrogen signals and also signals similar in position (but not in shape) to the TEMPO species 

and the AB quartet associated with the benzylic methine was shifted significantly downfield. 

This NMR data likely show that the TEMPO group is altered during acid chloride synthesis. 

 

Scheme VII-13. Attempted synthesis of the TEMPO cryptand derivative VII-45. a) VII-2, 

Cs2CO3, DMF, N2, 85°C, 16 h, 46%; b) excess aq. KOH, THF, 2 h, rt, 102%; c) SOCl2, cat. 

DMF, CH2Cl2, 2 h; d) cDB30C10 diol, pyridine, CH2Cl2, 7 d, rt, 0%.  
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8 6 4 2 0 PPM

VII-42

STANDARD 1H OBSERVE;blank l inenu]

a 

b 
Precipitate from acid chloride synthesis

c 

Figure VII-5. 1H NMR spectra (CDCl3, 400 MHz) of a) diester VII-42, b) precipitate collected 

in the attempted reaction to make VII-44, c) filtrate from the same reaction. The red dashed line 

shows the drastic downfield shift of the methine proton after reaction with thionyl chloride. The 

signals at 5.25 ppm in a) and c) are the benzylic methylene protons, whereas in b) the signal at 

5.3 ppm is CH2Cl2. 

 

VII.3 Conclusions 

In general, every scheme we discussed in this chapter has failed. Chelidamate esters are 

more efficiently synthesized using methanol/thionyl chloride. There are no definitive reaction 

conditions to always O-alkylate methyl chelidamate. Gentler conditions for ester hydrolysis of 

chelidamates have been found, but the reaction is still not universal. Production of acid chlorides 

from chelidamic acid/dipicolinic acid is likely best performed from impurity-free thionyl 

chloride (over impure thionyl chloride or oxalyl chloride). Cryptand synthesis is challenging, but 
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most of these schemes failed before ever getting to the cyclization stage. Cryptands 

functionalized with unprotected aldehydes decomposed quickly. Although alkyl bromide 

functionalized cryptands would be only useful for A-B supramolecular polymers, their simplicity 

still make them an interesting target and they should work. Alkyne functionalized cryptands still 

seem to be the most useful targets, but non-conjugated derivatives will help.  Please refer to the 

next chapter to explore what types of experiments could be done next to produce functionalized 

cryptands. 

  

 

 

VII.4 Experimental Section 

Synthesis of methyl chelidamate (VII-2). Methanol (75.0 mL, 1.85 mol) was cooled to 0°C and 

thionyl chloride (19.0 mL, 262 mmol) was added dropwise and the mixture was stirred for 30 m. 

Chelidamic acid (7.50 g, 41 mmol) was added and the stirring mixture was allowed to come to rt 

and stirred for 1d. The mixture was heated at reflux for 2 h and then the solvents were removed. 

The white solid was dissolved in H2O (40 mL) and the pH was adjusted to neutral with 10% 

Na2CO3, causing the product to precipitate (7.52 g, 87%), mp 168.7-169.9 °C (lit. 170-172 °C).15 

1H NMR (CDCl3, 400 MHz) δ: 7.34 (s, 2H), 4.00 (s, 6H).  

Synthesis of methyl 4-benzyloxy-2,6-pyridinedicarboxylate (VII-3). VII-2 (3.52 g, 16.7 

mmol) and benzyl bromide (3.68 g, 21.5 mmol) were mixed in acetone (125 mL). K2CO3 (4.86 

g, 35 mmol) was added and the mixture was refluxed 12 h under N2. The mixture was cooled, 

solids filtered, and solvents were evaporated. The oily product was triturated with hexanes, 
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yielding a white solid (4.60 g, 83%), mp 97-99 ºC; lit. mp 102-103 ºC.6 1H NMR (CDCl3, 400 

MHz) δ: 7.87 (s, 2H), 7.36-7.46 (m, 5H), 5.23 (s, 2H), 4.01 (s, 6H).  

Synthesis of 4-benzyloxy-2,6-pyridinedicarboxylic acid (VII-4). VII-3 (1.00 g, 3.3 mmol) was 

suspended in aqueous KOH (0.5 M, 35 mL). The mixture was stirred at reflux overnight. The 

reaction was cooled and acidified to pH 1 with conc. HCl, forming a white precipitate. The solid 

was collected and dried (0.88 g, 98% yield), mp 87.0-88.0 ºC. 1H NMR (DMSO-d6, 400 MHz) δ: 

7.72 (s, 2H), 7.27-7.44 (m, 5H), 5.28 (s, 2H). 

Synthesis of 4-benzyloxy-2,6-pyridinedicarboxylic acid dichloride (VII-5). VII-4 (0.40 g, 1.5 

mmol) was dissolved in SOCl2 (21 mL) and allowed to reflux for 4 h under N2 and then cooled. 

The solvent was removed by vacuum distillation, yielding a yellow solid. The solid was 

recrystallized from hexanes and recovered by filtration (0.25 g). This material was used in the 

synthesis of VII-8 without further analysis.   

Synthesis of cryptand VII-8. Via syringe, cDB30C10 diol (0.34 g, 0.57 mmol, dried via pistol) 

in dichloromethane (20 mL) and 4-benzyloxy-2,6-pyridinedicarboxylic acid dichloride (0.18 g, 

0.57 mmol) in dichloromethane (20 mL) were added separately by syringe pump, at 0.75 mL/hr, 

to a mixture of pyridine (0.1 mL, 1 mmol, dried) and dichloromethane (1.5 L, distilled from 

P2O5). The mixture was stirred for an additional 5 d after addition. The solvent was evaporated, 

yielding about 2 g of crude yellow oil. The crude product was dissolved in chloroform and 

washed with 2 M H2SO4 and then H2O. The organic phase was dried with Na2SO4, filtered, and 

the solvent evaporated. The crude product was isolated by alumina chromatography (elution with 

CHCl3) (0.20 g, 42%), mp 150.8-154.0 °C. 1H NMR (CDCl3, 400 MHz) δ: 7.91 (s, 2H), 7.47-

7.35 (m, 5H), 6.94 (m, 4H), 6.77 (m, 2H), 5.31 (s, 4H), 5.25 (s, 2H), 4.16 (m, 4H), 4.00 (m, 4H), 

3.93 (m, 4H), 3.83 (m, 4H), 3.75 (m, 4H), 3.70 (m, 8H), 3.65 (m, 4H). LR FAB MS (NBA): m/z 
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833.5, 10% [VII-8]+; 834.5, 100% [VII-8 + H]+; 835.5, 50% [VII-8 + H + 1]+; 836.5, 13% [VII-

8 + H + 2]+; 837.5, 3% [VII-8 + H + 3]+; HR FAB MS (NBA/PEG): m/z 834.3356 [VII-8 + H]+, 

calc’d 834.3337 for C44H52NO15, error 2.2 ppm.  

Attempted synthesis of the functional cryptand VII-9. The benzyl protected cryptand VII-8 

(0.20 g, 0.24 mmol) was dissolved in CH2Cl2 (40 mL, CH3OH inhibited) under N2. A catalytic 

amount of 10% Pd/C was added. The atmosphere was exchanged three times with H2 and the 

mixture was shaken for 24 h. The solids were filtered and solvents evaporated. 1H NMR (CDCl3, 

400 MHz) δ: 8.33 (s, 0.2H), 7.93 (br s, 2H), 7.35-7.47 (m, 6H), 7.10-7.24 (m, 2.3H), 6.65-7.00 

(m, 10.3H), 5.30 (m, 4.3H), 5.25 (br s, 2.67H), 4.57 (m, 1H), 4.15 (m, 11H), 3.99 (m, 4.4H), 3.95 

(m, 5H), 3.80-3.90 (m, 11H), 3.62-3.8 (m, 28H). LR FAB MS (NBA): m/z value/relative 

intensity (%) [838/4, 837/11, 836/47, 835/100, 834/16, 833/7: [VII-8]+], [793/4, 792/21, 791/69, 

790/100, 789/25, 788/4: [VII-8 – CO2]+], [757/100: [VII-8 – C6H4]+], [744/43, 745/100, 746/71: 

[VII-9]+]. 

Synthesis of p-(ω-bromoalkyloxy)benzaldehydes VII-15a and VII-15b. K2CO3 (5.75g, 38.0 

mmol), p-hydroxybenzaldehyde (4.93 g, 38.0 mmol), and 1,4-dibromobutane (41.00 g, 190 

mmol, distilled) were added to acetone (240 mL) and the mixture was refluxed for 6 h under N2. 

The reaction mixture was cooled to rt and solvent was removed. H2O (100 mL), 2 M HCl (100 

mL), and CH2Cl2 (400 mL) were added. The organic phase was collected and washed with 10% 

Na2CO3 (x2). The organic phase was dried with Na2SO4, filtered, and concentrated to an oil. The 

crude product mixture was subjected to silica gel chromatography. The excess dibromobutane 

was eluted with hexanes and VII-15a was eluted with diethyl ether and was isolated as a pale-

yellow oil (5.16 g, 68% yield). 1H NMR of VII-15a (CDCl3, 400 MHz) δ: 9.89 (s, 1H), 7.84 (m, 

2 H), 6.99 (m, 2H), 4.09 (t, J = 6 Hz, 2H), 3.50 (t, J = 10 Hz, 2H), 1.95-2.13 (m, 4H). FAB-MS 
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(NBA): m/z 257, 100% [VII-15a + H]+; 258, 28% [VII-15a + H + 1]+; 259, 87% [VII-15a + H + 

2]+; 260, 15% [VII-15a + H + 3]+. VII-15b was identically synthesized from dibromopentane 

and purified (87%). 1H NMR of VII-15b (CDCl3, 400 MHz) δ: 9.89 (s, 1H), 7.84 (m, 2 H), 6.99 

(m, 2H), 4.06 (t, J = 6 Hz, 2H), 3.45 (t, J = 7 Hz, 2H), 1.95 (m, 2H), 1.86 (m, 2H), 1.65 (m, 2H).  

Synthesis of aldehyde functionalized chelidamates VII-16a and VII-16b. Methyl chelidamate 

(VII-2) (1.48 g, 7.1 mmol), VII-15a (2.97 g, 11.0 mmol), and Cs2CO3 (2.88 g, 9.0 mmol) were 

stirred in DMF (20 mL) at 85 ºC under nitrogen for 4 h. The solvent was removed and the 

reaction mixture was partitioned in H2O/ethyl acetate. The aqueous phase was extracted with 

ethyl acetate (x3). The combined organic phase was washed with 10% Na2CO3, H2O (x2) and 

sat. NaCl and then dried with Na2SO4; the solids were filtered, and the solvent was evaporated. 

The product was isolated via column chromatography (silica, 3:2 ethyl acetate:hexanes); 2.42 g 

(88% yield), mp 89.9-91.5 ºC. 1H NMR of VII-16a (CDCl3, 400 MHz) δ: 9.95 (s, 1H), 7.85 (d, J 

= 8 Hz, 2H), 7.81 (s, 2H), 7.00 (d, J= 8 Hz, 2H), 4.25 (t, J = 4 Hz, 2H), 4.16 (t, J = 4 Hz, 2H), 

4.02 (s, 6H), 2.07 (m, 4H). LR FAB-MS of VII-16a (NBA): m/z 388.14, 100% [VII-16a + H]+, 

389.14, 20% [VII-16a + H + 1]+. HR FAB-MS of VII-16a (PEG): 388.1376 [VII-16a + H]+, 

calc’d for C20H22NO7 388.1396, 5.2 ppm.  VII-16b was identically synthesized from VII-15b 

and purified (29%, two nearly co-eluting spots believed to be O- and N-alkylation).  

Synthesis of aldehyde-functionalized chelidamic acid VII-17 (low yielding method). VII-16a 

(2.40 g, 6.2 mmol) was suspended in 0.5 M NaOH (100 mL). The mixture was stirred at reflux 

under N2 for 24 h. The initially colorless mixture was dark yellow after the reaction. After 

cooling, the solution was acidified to pH 1 with conc. HCl, yielding two different solids (a light 

yellow solid and a red wax). An off white solid was selectively extracted with boiling water 

(0.75 g, 33% yield). 1H NMR of VII-17 (DMSO-d6, 400 MHz) δ: 9.85 (s, 1H), 7.84 ( d, J = 8 
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Hz, 2H), 7.69 (s, 2H), 7.11 (d, J = 8 Hz, 2H), 4.29 (m, 2H), 4.16 (m, 2H), 1.91 (m, 4H). LR 

FABMS of VII-17 (NBA): m/z 238.8, 100% [VII-17 – OC6H4CHO]+; 239.8, 15% [VII-17 – 

OC6H4CHO + 1]+; 273, 10% [VII-17 – 2 CO2]+; 273, <5% [VII-17 – 2 CO2 + 1]+; 360.9, 50% 

[VII-17 + H]+; 361.9, 10% [VII-17 + H + 1]+.  HR FAB+ MS:  found 360.1077 [VII-17 + H]+, 

calc’d 360.1039 for C18H18NO7 error 1.8 ppm.  

Synthesis of aldehyde-functionalized chelidamic acid VII-17 (higher yielding method). VII-

16a (3.67 g, 9.47 mmol) was suspended in stirring EtOH at 0 °C. Aqueous KOH (3.20 g, 57.0 

mmol) was added dropwise and the mixture was stirred for 2 h and warmed to rt. The pH was 

adjusted to <2 and VII-17 precipitated as a white solid (2.72 g, 80%) that had an identical 1H 

NMR spectrum as above.  

Synthesis of acid chloride VII-18. VII-17 (0.21 g, 0.58 mmol) was stirred in refluxing SOCl2 

under N2 for 12 h. The mixture was cooled and solvent was evaporated, yielding a brown oily 

material. The material was used in the next reaction without further purification. 

Synthesis of cryptand VII-19. VII-18 (assumed to be 0.58 mmol) was dissolved in toluene (40 

mL) and cDB30C10 diol (0.344 g, 0.58 mmol) was dissolved in chloroform (40 mL). The 

reactants were separately added at 0.2 mL/hr via syringe pump to 2.0 L of methylene chloride 

(distilled from P2O5) and 1 mL pyridine. The mixture was stirred for 5 d after the addition of 

reactants. The solvent was evaporated, producing a yellow oily solid. This material was 

dissolved in CHCl3 and washed with 5% HCl (x2), water, and NaCl (sat.). The organic phase 

was dried with Na2SO4 and the solids were filtered and the solvent was evaporated to a yellow 

solid. The product was purified using alumina chromatography (2.5% CH3OH in ethyl acetate). 

0.12 g was recovered (23% yield) which decomposed prior to obtaining a mp. 1H NMR of VII-

18 (CDCl3, 400 MHz) δ: 9.90 (s, 1H), 7.85 (d, J = 8Hz, 2H), 7.83 (s, 2H), 7.01 (d, J = 8 Hz, 2H), 
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6.95 (m, 4H), 6.77 (m, 2H), 5.31 (s, 4H), 4.25 (m, 2H), 4.17 (m, 6H), 4.01 (m, 4H), 3.94 (m, 

4H), 3.82 (m, 4H), 3.75 (m, 5H), 3.71 (m, 9H), 3.66 (m, 5H), 2.07 (m, 4H). LR FABMS of VII-

18 (NBA): m/z 392.1, 50% [VII-18 – CH2OC6H4CHO]2+; 393, 11% [VII-18 – CH2OC6H4CHO 

+ 1]2+; 418, 25% [VII-18 – C6H5CHO + Na]2+; 419, 5% [VII-18 – C6H5CHO + Na + 1]2+; 443-

448, <10%  [VII-18 – CHO]2+; 461.0, 100% [VII-18]2+; 462, 27% [VII-18 + 1]2+; 473, 45% 

[VII-18 + Na]2+; 474, 13% [VII-18 + Na]2+; 597, 18% [cDB30C10 diol + H]+; 598, 5% 

[cDB30C10 diol + H + 1]+; 615, 15%[cDB30C10 diol + Na]+; 616, 5% [cDB30C10 diol + Na + 

1]+; 920.7, 7% [VII-18 + H]+; 921.8, 28% [VII-18 + H + 1]+; 922.8, 14% [VII-18 + H + 2]+;  

923.8, 4% [VII-18 + H + 3]+. HR FABMS of VII-18 (PEG): m/z 920.3666 [VII-18 + H]+, calc’d 

920.3705 for C48H58NO17, error 4.2 ppm.  

Attempted Synthesis of dimethyl 4-(4’-bromobutoxy)dipicolinate (VII-21a). (This reaction 

was run with too little dibromobutane; if the reaction is rerun use 5+ equivalents.) Methyl 

chelidamate [VII-2] (2.00 g, 9.52 mmol), dibromobutane (3.05 g, 14.0 mmol), and Cs2CO3 (3.21 

g, 10 mmol) were mixed in DMF (50 mL) under N2. The mixture was stirred at 100ºC for 4 h 

and then stirred at RT overnight. TLC showed more than 4 similarly sized UV active spots and 

the reaction was aborted. 

Attempted Synthesis of dimethyl 4-(5’-bromopentyloxy)dipicolinate (VII-21b). Methyl 

chelidamate (0.95 g, 4.0 mmol), 1,5-dibromopentane (4.56 g, 19.9 mmol), and K2CO3 (1.10 g, 

7.94 mmol) were mixed in acetone (50 mL) under N2. The mixture was stirred at reflux for 2 d. 

The solids were filtered and washed with CHCl3. The organic phase was evaporated and the 

crude product was fractionated using silica chromatography eluting with CHCl3. The excess 

dibromopentane and a co-eluting mixture (<0.20 g) of two species with similar 1H NMR signals 

(assuming O- and N-alkylation products) were recovered and the reaction was aborted.  
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Synthesis of dimethyl 4-(10’-bromodecyloxy)dipicolinate (VII-21c). VII-2 (2.06 g, 10.0 

mmol) and 1,10-dibromodecane (7.60 g, 30.0 mmol) were dissolved in acetone. K2CO3 (2.32 g, 

16.7 mmol) was added and the mixture was refluxed for 40 h. The mixture was cooled and 

solvents were removed. The solid was extracted with CH2Cl2 and purified on silica, eluting with 

1:1 CH2Cl2:Hexanes. The reported literature yield was 75% of the diethyl ester; I obtained 1.47 g 

(35%) of solidifying oily product. 1H NMR (CDCl3, 400 MHz) δ: 7.82 (s, 2H), 4.13 (t, J = 7 Hz, 

2H), 4.01 (s, 6H), 3.41 (t, J = 7 Hz, 2H), 1.86 (m, 4H), 1.45 (m, 4H), 1.31 (m, 8H). LR FAB MS 

OF VII-21c (NBA/PEG): m/z 430.6, (100%) [VII-21c + H]+; 431.6, (19%) [VII-21c + H + 1]+; 

432.6, (96%) [VII-21c + H + 2]+; 433.6, (15%) [VII-21c + H + 3]+. HR FAB MS (PEG): m/z 

430.1247 [VII-21c + H]+, calc’d 430.1229 for C19H29NO5Br, error 4.2 ppm. 

Synthesis of 4-(10’-bromodecyloxy)dipicolinic acid (VII-22c). The hydrolysis of VII-21c was 

attempted several ways. If the reaction needed to be repeated, the following procedure is 

recommended. Dissolve the diester VII-21c in minimal THF and add 6 eq. of aq. KOH dropwise 

with stirring at 0 °C. Allow the reaction to warm to rt and stir for 30 min Acidify at 0 °C with 

conc. HCl and hopefully VII-22c will precipitate. 1H NMR and MS of the potassium salt of VII-

22c were obtained, but generally were inconclusive.  

Synthesis of dimethyl 4-(p-α’-chloroxylyloxy)dipicolinate (VII-26). Methyl chelidamate (VII-

2) (2.00g, 9.47 mmol), α,α’-dichloro-p-xylene (4.98 g, 28.4 mmol), and K2CO3 (2.61 g, 18.9 

mmol) were mixed in acetone (100 mL). The mixture was refluxed for 3 d and then cooled, and 

the solvent was removed. The solids were diluted with CH2Cl2 and filtered. The reaction mixture 

was purified by silica chromatography first eluting with CH2Cl2 to remove unreacted α,α’-

dichloro-p-xylene (4.42 g recovered) and the product, VII-26, was collected by elution with 
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ethyl acetate (1.05 g, 31% yield), mp 113.4-115.9°C. 1H NMR (CDCl3, 400 MHz): δ 7.89 (s, 

2H), 7.44 (s, 4H), 5.24 (s, 2H), 4.60 (s, 2H), 4.01 (s, 6H). MS was not obtained. 

Synthesis of 4-(p-α’-chloroxylyloxy)dipicolinic acid (VII-27). Diester VII-26 (0.70 g, 2.0 

mmol) was dissolved in THF (25 mL) and KOH (0.61 g, 5 eq. in 10 mL of water) was added 

dropwise. The mixture was stirred at RT for 2 h. Conc. HCl was added until pH = 1. The THF 

was removed via rotoevaporation. A white ppt. formed and was filtered (0.68 g, 106%), mp 

165.0-166.3 °C. 1H NMR (DMSO-d6, 400 MHz): δ 7.80 (s, 2H), 7.48 (s, 4H), 5.38 (s, 2H), 4.78 

(s, 2H). MS was not obtained. 

Synthesis of 4-(p-α’-chloroxylyloxy)dipicolinic acid chloride (VII-28). Diacid VII-27 (0.54 g, 

1.7 mmol) was suspended in CH2Cl2 (15 mL) and two drops DMF. Thionyl chloride (2.0 mL, 28 

mmol) was added and the mixture was refluxed under N2 until everything dissolved and then 1 h 

more (2 h total). The mixture was cooled and the solvents were removed in vacuo. The 

yellowish-white solid was used in the next reaction without purification.  

Attempted synthesis of cryptand VII-29. Diacid chloride VII-28 from the previous reaction 

and cDB30C10 diol (1.00 g, 1.67 mmol, dried in the pistol) were separately dissolved in CHCl3 

(20 mL, dried over 4 Å sieves). The solutions were added to CH2Cl2 (2 L, dried over 4 Å sieves) 

and pyridine (1.0 mL) via syringe pump (0.5 mL/hr). After addition, the mixture was stirred for 5 

d at rt. The solvents were removed in vacuo, yielding a yellow oil. The yellow oil was dissolved 

in CHCl3, washed with 10% H2SO4, (x2) H2O, dried with Na2SO4, filtered and the solvent was 

evaporated. The residual material was loaded onto a neutral alumina column and eluted initially 

with 0.8% CH3OH in CHCl3 gradually increasing to 5% CH3OH in CHCl3. The only material 

isolated was 0.15 g of the side product VII-30; as a point of reference the non-functional pyridyl-

cDB30C10 cryptand V-12 has an Rf of 0.5 with 1% CH3OH in CHCl3. The theoretical yield of 
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13 was 1.48 g. 1H NMR of VII-30 shows a doubling of all signals related to the cDB30C10 

moiety and the positions of the two benzylic methylene signals are in agreement with the open 

structure VII-30. 1H NMR of VII-30 (CDCl3, 400 MHz): δ 7.91 (s, 2H), 7.45 (s, 4H), 6.75-6.95 

(3 different m, 16H), 5.30 (s, 4H), 5.25 (s, 2H), 4.61 (s, 2H), 4.53 (s, 4H), 4.15 (m, 18H), 3.99 

(m, 5H), 3.93 (m, 6H), 3.87 (m, 14H), 3.82 (m, 6H), 3.77 (m, 18H), 3.63-3.73 (m, 33H). FAB-

MS of VII-30 (NBA) was obtained, peaks corresponding to DB30C10 diol and its sodium 

complex, potential cryptand fragments, possibly the unclosed cryptand, and any number of other 

species are seen. The spectrum is so noisy that it is not possible to tell if the molecular ion for 

VII-30 is there. The data from 1H NMR and MS rule out any possibility that the desired cryptand 

VII-29 was made, unfortunately. 

Synthesis of dimethyl 4-bromodipicolinate (VII-31b). The solids, chelidamic acid (3.02g, 16.4 

mmol) and PBr5 (21.53 g, 50.0 mmol), were mixed and heated at 90 °C (which melts the PBr5) 

for 3 h. The mixture was cooled and CHCl3 (50 mL) was added. Solids were removed by 

filtration and the filtrate was cooled to 0 °C and CH3OH (200 mL) was added dropwise with 

stirring. After 2 h the solvents were removed and VII-31b was recrystallized from CH3OH (4.20 

g, 93%). Mp 144-145 °C. lit. mp  175-177 °C,15 176 °C,16 and 157 °C.17 1H NMR (CDCl3, 400 

MHz): δ 8.47 (s, 2H), 4.04 (s, 6H). The same synthetic method produces VII-31a when PCl5 is 

used in place of PBr5.  

Failed Songashira reaction of VII-32a from VII-31a. Dimethyl 4-chloro-2,6-

pyridinedicarboxylate (VII-31a) (0.25 g, 1.0 mmol), (Ph3P)2PdCl2 (72 mg), CuI (45 mg), PPh3 

(52 mg) were mixed with triethylamine (40 mL) and DMF (20 mL). The mixture was freeze- 

pump-thawed twice under N2. TMS-acetylene (20 μL, 1.2 eq.) was added and the mixture was 

heated at 60 °C for 48 h. More TMS-acetylene (20 μL, 1.2 eq.) was added, because TLC showed 

140 
 



Chapter VII             A. M.-P. Pederson, Ph.D. Dissertation 

remaining SM and the reaction was heated for an additional 48 h. The reaction was filtered 

through a plug of silica gel and the solvents were removed. A white solid (0.23 g) was obtained 

and 1H NMR confirmed only starting material. 

Synthesis of VII-32a or VII-32b from VII-31b via Songashira coupling. Dimethyl 4-bromo-

2,6-pyridinedicarboxylate (VII-31b) (0.57 g, 2.1 mmol), (Ph3P)2PdCl2 (29 mg, 0.043 mmol), CuI 

(39 mg), PPh3 (52 mg) were mixed with di-i-propylethylamine (1 mL) and THF (20 mL) under 

N2. TIPS-acetylene (0.69 mL, 1.5 eq.) was added and the mixture was refluxed for 12 h. The 

mixture was cooled and diluted with ethyl acetate (75 mL). Aq. 10% NH4Cl was added and the 

phases were separated. The organic phase was washed with more aq. 10% NH4Cl (x5), dried 

with Na2SO4, filtered, and flashed through a silica plug (ethyl acetate). The crude brown oil  was 

loaded onto silica and the impurity was removed by elution with hexanes; NMR showed the 

impurity was the dimer TIPS-CC-CC-TIPS. The desired product VII-32b was eluted with ethyl 

acetate (0.79 g, 100%); yielding a brown oil. 1H NMR (CDCl3, 400 MHz): δ 8.28 (s, 2H), 4.03 

(s, 6H), 1.15 (m, 22H).  

Ester hydrolysis of VII-32a by KOH, yielding the undesired VII-34. VII-32a (0.50 g, 1.7 

mmol) was dissolved in THF (25 mL). KOH (0.62 g, 11 mmol, in 5 mL H2O) was added 

dropwise and the mixture was stirred for 2 h. THF was evaporated in vacuo and the aq. solution 

was acidified with conc. HCl to pH 1 and cooled to 0 °C. The brown precipitate was filtered. 1H 

NMR of VII-34 (DMSO-d6, 400 MHz): δ 8.14 (s, 2H), 4.83 (s, 1H). Mp 235 °C (dec). VII-32b 

reacts in the same manner under these conditions. VII-32b was reacted similarly at 0 °C for 15 

m and yielded a mixture of VII-33b, VII-34, and VII-32b.  

Failed ester hydrolysis of VII-32b by in situ formation of TMI. VII-32b (1.00 g, 2.66 mmol) 

was dissolved in CH3CN (50 mL, dried over molecular sieves). NaI (1.60 g, 5.32 mmol) and 
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trimethylsilyl chloride (1.4 mL, 5.3 mmol) were added under N2 and the mixture was refluxed 

for 12 h. The mixture was cooled and diluted with H2O (25 mL) and stirred for 30 m. Ethyl ether 

(100 mL) was added and the phases were separated. The organic phase was washed with water 

and 10% Na2S2O3. The organic phase was then washed with 10% NaHCO3 and this aqueous 

phase was acidified and extracted with ethyl ether, yielding 0.05 g of a mixture of possibly VII-

33b and starting material by 1H NMR. The original organic phase was dried in vacuo to a 

colored oil (0.90 g, pure starting material by 1H NMR). 

Failed conversion of diacid VII-34 to alkynyl cryptand VII-37.  VII-34 (0.50 g, 2.6 mmol) 

was suspended in stirring oxalyl chloride (5.0 mL, 20 equiv) under N2. DMF (2 drops) was 

added and the mixture quickly became transparent and was stirred for 1 h after no more bubbles 

were formed. The solvent was removed in vacuo and the material was used directly in cryptand 

synthesis. The diacid chloride and cDB30C10 diol (1.56 g, 2.61 mmol, dried in the pistol) were 

separately dissolved in CHCl3 (40 mL, dried over 4Å sieves). The solutions were added to 

CH2Cl2 (2.5 L, dried over 4Å sieves) and pyridine (1.0 mL) via syringe pump (0.5 mL/hr). After 

addition, the reaction was stirred for 5 d at rt; the reaction mixture was dark brown to black from 

the beginning. The solvents were removed in vacuo yielding a black glassy tar (5.03 g). The 

material was dissolved in CHCl3 and washed with H2O, 1M H2SO4, NaHCO3, and H2O. The 

organic phase was dried and filtered; TLC was explored and even in conditions (neutral alumina, 

10% CH3OH in CHCl3) that would move any other cryptand to Rf > 0.9, no spots moved off the 

baseline. The solvents were removed and the black glassy tar was again isolated (2.70 g). It is not 

clear where this reaction goes astray.   

Synthesis of 4-bromodipicolinic acid (VII-38). Dimethyl 4-bromo-2,6-pyridinedicarboxylate 

(VII-31b) (1.00 g, 3.65 mmol) was dissolved in THF (25 mL). KOH (1.25 g, 22.3 mmol, 
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dissolved in 10 mL H2O) was added dropwise and the mixture was stirred for 3 h. The mixture 

was acidified to pH 1 with 6M HCl and the material was concentrated in vacuo, producing VII-

38 as a precipitate (0.90 g, 100%), mp 202 °C decomp.; lit. mp 205-209 °C decomp.18  1H NMR 

of VII-38 (DMSO-d6, 400 MHz): δ 13.7 (br s, 1.1H), 8.37 (s, 2H). 

Synthesis of 4-bromodipicolinic acid chloride (VII-39). Diacid VII-38 (0.41 g, 1.7 mmol) was 

suspended in stirring oxalyl chloride (20 equiv) under N2. 2 drops of DMF were added and the 

reaction quickly became transparent and was stirred for 1 h after no more bubbles were formed. 

The solvent was removed in vacuo and the material was used directly in the next reaction.  

Failed synthesis of the cryptand VII-40. Diacid chloride VII-39 and cDB30C10 diol (1.00 g, 

1.67 mmol, dried in the pistol) were separately dissolved in CHCl3 (40 mL, dried over 4Å 

sieves). The solutions were added to CH2Cl2 (2 L, dried over 4 Å sieves) and pyridine (1.0 mL) 

via syringe pump (0.5 mL/hr). The diacid chloride syringe’s needle (brand new at the beginning 

of the reaction and washed with acetone prior to drying in the oven) became clogged within the 

first hours of addition. A very similar event happened with a needle being used to bubble N2 into 

a reaction containing VII-31b and it seems there is a reaction between the needle and the bromo-

pyridine species.  

Synthesis of TEMPO-containing Chelidamate VII-42. VII-2 (0.82 g, 3.9 mmol), TEMPO 

derivative VII-41 (1.20 g, 3.9 mmol), and Cs2CO3 (1.39 g, 4.3 mmol) were suspended in stirring 

DMF (50 mL) under N2. The mixture was heated to 85°C for 16 h. The solvent was evaporated 

yielding an orange-brown oil that solidified. The solid was partitioned in ethyl acetate/H2O and 

the aqueous phase was extracted with EA (x3). The combined organic phase was washed with 1 

M NaOH and H2O (x3), dried with Na2SO4, filtered and evaporated to a yellow-tan oil. The oil 

was separated on silica (2:1 hexanes:ethyl acetate), yielding a white solid (0.87 g, 46%). 1H 
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NMR of VII-42 (CDCl3, 400 MHz): δ 7.89 (s, 2H), 7.37 (s, 4H), 5.21 (s, 2H), 4.81 (q, J = 7 Hz, 

1H), 4.01 (s, 6H), 1.61 (s, 2H), 1.48 (m, 5H), 1.35 (br s, 2.4H), 1.29 (br s, 3.6H), 1.17 (br s, 

2.8H), 1.05 (br s, 2.8H), 0.65 (br s, 2.4H). ESI MS (Agilent HP121 and HP921, acetone) of VII-

42: m/z 485.26595, 100% [VII-42 + H]+, error 0.00 ppm; 486.2686, 37% [VII-42 + H + 1]+, 

error 0.65 ppm; 487.27187, 8% [VII-42 + H + 2]+, error 0.24 ppm; 991.50296, 15% [(VII-42)2 + 

Na]+; 992.50665, 9% [(VII-42)2 + Na + 1]+. 

Synthesis of potassium salt of TEMPO-containing Chelidamic carboxylate VII-43. VII-42 

(0.84 g, 1.7 mmol) was suspended in stirring absolute ethanol (40 mL). KOH (0.65, 12 mmol, 

dissolved in 5 mL H2O) was added dropwise and the mixture was stirred for 2 h. The mixture 

never became homogeneous; the filtrate a white solid, (0.94 g), was the pure carboxylate salt. 1H 

NMR was not conclusive (TEMPO containing molecules in some cases are difficult to 

characterize by NMR because of the presence of the radical) and salts are also difficult. ESI MS 

(Agilent HP121 and HP921, acetone) of VII-43: m/z 457.23491, 100% [VII-43 – 2K + 3H]+, 

error 3.49 ppm; 458.23655, 24% [VII-43 – 2K + 3H + 1]+, error 2.62ppm; 459.24032, 3% [VII-

43 – 2K + 3H + 2]+, error 2.34 ppm. The diacid is seen, but not the dipotassium carboxylate; this 

is likely because of MS sample prep.  

Failed synthesis of diacid chloride VII-44. VII-43 (0.59 g, 1.1 mmol), DMF (4 drops), and 

CH2Cl2 (20 mL) were stirred together. SOCl2 (0.60 mL, 8.8 mmol) was added. The mixture 

never completely became homogeneous. The mixture was stirred for 1.5 h. A precipitate was 

collected (0.20 g) and the filtrate was concentrated in vacuo to a gum-like material (0.44 g). The 

1H NMR spectra are shown in Figure VII-5. 1H NMR of the precipitate (CDCl3, 400 MHz): δ 

3.02-2.92 (m, 2.00H), 1.87 (m, 12.5H), 1.73 (m, 18.6H), 1.45 (m, 9.9H), 1.25 (m, 8.5H), 1.07 

(m, 7.0H). 1H NMR of the filtrate (CDCl3, 400 MHz): δ 7.86 (s, 2H), 7.62 (m, 3H), 7.44, (m, 
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3H), 6.30 (m, 1.3H), 5.28 (m, 3H), 1.89 (br s, 3.5H), 1.75 (br m, 5.8H), 1.45 (br s, 4H), 1.25 (br 

s, 4H), 1.10 (br s, 4H). 
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Chapter VIII 

 

Conclusions and Future Work 

 

 Supramolecular chemistry is a broad, ever-growing field that affects all aspects of 

chemistry. The Gibson group aims to synthesize crown ethers and crown ether-based cryptands 

to bind bipyridinium guests and use the self-assembly to produce supramolecular polymers and 

supramolecularly linked block copolymers. Previous group members tried to use crown ethers to 

achieve these goals. However, crown ethers are able to adopt too many non-optimal 

conformations and do not have enough binding sites to achieve the necessary high association 

constants with bipyridinium guests.  

This dissertation summarizes my efforts to: a) produce crown ethers on large scales and 

with improved efficiency and reaction yield, b) synthesize cryptands based on the crown ethers 

with high binding strength with bipyridinium guests, and c) make functional cryptands that can 

be incorporated into supramolecular polymers and cryptand functionalized polymers for 

supramolecularly linked block copolymers.  

The cryptands from Chapters III and IV were based on bis(meta-phenylene)-32-crown-10 

(BMP32C10) and both had relatively low strengths of complexation, but much was learned from 

the structures III-3 and IV-2. III-3 used an ester to mask the desired alcohol functional group 

and this type of protection could not be used in the diester linked cryptands (Ch. IV-VII). III-3 
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was only a proof of concept species to show that functionalization of the cryptand did not 

negatively impact the strength of complexation. Cryptand IV-2 was synthesized in an attempt to 

further improve binding compared to IV-1 (Ka =  1.6 x 106 M-1); however, complexation requires 

breaking up two acyl-aromatic conjugations and the enthalpic cost outweighs any improvement 

in the host’s hydrogen bond accepting character (Ka ~  6 x 103 M-1).  

The best example of attaining goals ‘a’ and ‘b’ is from Ch. V. The regioselective 

synthesis of cis-dicarbomethoxydibenzo-30-crown-10 was performed on large scale, quickly, 

and in high yield, similar to previous reports with the smaller cis-dicarbomethoxy-dibenzo-24-

crown-8. The pyridyl-cDB30C10 cryptand (V-12) binds paraquat well (Ka > 105 M-1) and diquat 

very strongly (Ka = 1.9 x 106 M-1). These association constants are large enough to produce 

supramolecular polymers and supramolecularly linked block copolymers. 

The cryptands of Chapter VI were based on the two unsymmetric regioisomers of the 

crown ether cDB27C9. The pyridyl-cDB27C9S cryptand (VI-2) was produced to try to further 

improve paraquat binding over the pyridyl-cDB30C10 cryptand by shortening the non-

interacting para arm; there were modest improvements, but VI-2 lacks a hydrogen bond acceptor 

at its midpoint (the optimal position to interact with paraquat guests).  CPK modeling of the 

pyridyl-cDB27C9L cryptand (VI-3) showed it should be a poorly interacting host and indeed 1:1 

and 2:1 H:G species were seen with the host and its association constants were lower than VI-2 

and V-12  for paraquat and diquat guests.  

Chapter VII summarized attempted syntheses of functional derivatives of V-12, based on 

chelidamic acid, for goal ‘c’. Synthesis of alcohol (protected as aldehyde and benzyl ether), alkyl 

halide, alkyne (for future click chemistry), and TEMPO derived cryptands (for SFRP) were 
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attempted. Synthesis of alcohol or alkyne derivatives would allow for supramolecular A-A and 

A-B monomers and cryptand functionalized ATRP initiators and their polymers to be made. 

Reactions of unhindered electrophiles with chelidamate esters often showed significant side 

reaction products (N-alkylation) and all reactions with chelidamates were low yielding 

(oligomerization and ester hydrolysis during longer reaction times). Currently goal ‘c’ is 

incomplete and may be completed through one of the following schemes.  

Scheme VIII-1 uses the most efficient method to protect and functionalize the 

chelidamate hydroxyl, by making the benzyl ether. Instead of trying to remove the ether after 

cryptand synthesis, the scheme displaces the aryl bromide using Songashira coupling. The TMS 

protecting group can easily be removed by KF and then 1,3-dipolar addition is used to make 

either the A-A supramolecular monomer (VIII-8) or a protected alcohol; it is likely the 

unprotected alcohol could be used directly (VIII-7 to VIII-10). VIII-10 can be reacted with the 

known paraquat acid chloride1 or bromoisobutyryl bromide, yielding the A-B supramolecular 

monomer VIII-11 or the cryptand functionalized ATRP initiator VIII-12, respectively. Of 

course, BMP32C10 diol could be used in place of cDB30C10 diol in reaction d of Scheme VIII-

1 as it is a better host for PQ species and, therefore, can afford higher degrees of polymerization 

in A-A + B-B suprapolymers or A-B suprapolymers or higher extents of block copolymer 

formation in PQ functionalized polymers.   
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Scheme VIII-1. Utilization of a bromo-functionalized benzyloxychelidamate derivative, 

Songashira coupling, and Cu-catalyzed dipolar addition to produce the A-A supramolecular 

monomer VIII-8, A-B supramolecular monomer VIII-11, and cryptand functionalized ATRP 

initiator VIII-12. a) Cs2CO3, DMF, 90 °C, 6 h; b) excess aq. KOH, THF, 2 h; c) SOCl2, cat. 

DMF, CH2Cl2; d) cDB30C10 diol, pyridine, CH2Cl2, rt, 7 d; e) HCCSiCH3, CuI, i-Pr2NEt, THF, 

cat. Pd(PPh3)2Cl2, reflux, 12 h; f) KF, THF; g) ½ N3(CH2)10N3, CuBr, THF; h) N3(CH2)10OTMS, 

CuBr, THF; i) KF, THF; j) PQ acid chloride, pyridine; k) 2-bromoisobutyryl bromide.  

 

 Similar to Schemes VIII-1 and VII-11 (page 128), Scheme VIII-2 uses alkynes to 

produce the supramolecular monomers and cryptand-functionalized ATRP initiators. Scheme 

VIII-2 deconjugates the alkyne from the pyridine by starting out with a TIPS protected propargyl 

bromide; if problems still arise, 1-TIPS-4-bromo-1-butyne could also be used. After cryptand 

synthesis and deprotection, VIII-19 would be used identically to VIII-7. However, VIII-19 

should have higher association constants with paraquat and diquat since the 4-position oxygen 

would have been removed by this scheme (refer to Table I-1, benzyl chelidamate-BMP32C10 

cryptand I-19: Ka = 9.0 x 105 M-1 with PQ and pyridyl-BMP32C10 cryptand I-18: Ka = 5.0 x 106 

M-1 with PQ).  
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Scheme VIII-2. Synthesis of a deconjugated alkyne functionalized cryptand. a) PBr5, CH3OH; 

b) BuLi, THF, -78 °C, ZnCl2, warm to rt; c) CuI, i-Pr2NEt, THF, cat. Pd(PPh3)2Cl2, reflux, 12 h; 

d) excess aq. KOH, THF, 2 h; e) SOCl2, cat. DMF, CH2Cl2; f) cDB30C10 diol, pyridine, CH2Cl2, 

rt, 7 d; g) TBAF, THF. From VIII-19, reactions f-k of Scheme VIII-1 could identically be 

performed as they were proposed for VIII-7. 

 

 There are many different avenues to build more highly associating hosts. From the work 

in Chapters V and VII it is clear that the pyridine N is about as far away as it could be and still 

interact with bipyridinium guests. In many different ways the Gibson group has tried to maintain 

the pyridine’s central location while changing the length of the arm with little improvement in 

strength of binding because these alterations often take away the carbonyl esters which favorably 
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interact with the pyridine ring and locking it and the ester sp3-oxygen’s into a preorganized 

binding position.2 Diacid VIII-22 (Scheme VIII-3) is known3, 4 and it is known that this fluoride 

group is displaceable by nucleophilic aromatic substitution, but cryptand VIII-24 could be an 

amazing host, since it keeps the ester groups, but the very strong hydrogen bond acceptor 

fluorine will be more than 1.3Å closer to interact with paraquat or diquat. There is no change 

needed for the crown ether (either BMP32C10 or cDB30C10 diol could be used) and the starting 

nitroxylene (VIII-20) is 20 cents/gram.  

 

Scheme VIII-3. Fluoro-containing third arm cryptand for improved binding. a) H2O, NaOH, 

excess KMnO4, 74%;3 b) NaF, DMSO, 10 h, 165°C, 96%;3 c) SOCl2, cat. DMF, CH2Cl2; d) 

cDB30C10 diol, pyridine, CH2Cl2, rt/7d.  
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